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CHAPTER 2-7 
STREAMS: PHYSIOLOGICAL 
ADAPTATIONS – NUTRIENTS, 
PHOTOSYNTHESIS, AND OTHERS 
 
 
Figure 1.  Hygrohypnum alpestre showing bubbles produced by photosynthesis, a condition called pearling.  Photo by Michael 
Lüth, with permission. 
1. Deficiency of the element makes it impossible for the 
plant to complete its vegetative or reproductive cycle Nutrient Relations 
2. It cannot be replaced by any other element.  
3. The effect is not simply the result of interaction with 
other non-essential elements, organisms, etc. 
Richards (1959) commented that "The mineral 
economy of bryophytes is a subject on which so little is 
known that a connected discussion is hardly possible."  
Whereas this statement is still largely true for terrestrial 
bryophytes, the effects of pollutants, including those that 
serve as nutrients, on stream bryophytes has received 
considerable attention.  Hence, we do know a reasonable 
amount about the nutritional relations of stream 
bryophytes. 
 
 
Many early studies on plants included the large aquatic 
moss Fontinalis antipyretica (Figure 2).  Boresch (1919) 
examined the entry and emulsifying effect of various 
substances in the leaf cells of this species.  Bode (1940) 
discovered photorespiration in the same species. 
Arnon and Stout (1939) named three criteria to 
determine if an element is essential to a plant: Figure 2.  Fontinalis antipyretica, a common aquatic research organism.  Photo courtesy of Betsy St. Pierre. 
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Hoffman (1966) published the effects of nutrient 
deficiencies on the terrestrial Funaria hygrometrica 
(Figure 3).  However, a similar treatment for aquatic 
bryophytes seems to be missing.  My student (Marr 1983, 
unpublished report) described the visible effects based on 
experiments with Fontinalis antipyretica (Figure 2) 
cultured at 5ºC in 24-hour light.  The complete nutrient 
stock solutions are in Table 1.  Table 2 lists the amounts of 
each stock in the experimental deficiency solutions. 
 
 
Figure 3.  Funaria hygrometrica, a common bryophyte in 
lab studies, including nutrition.  Photo by Michael Lüth, with 
permission. 
Table 1.  Stock solutions used to make complete and 
deficient solutions for culturing Fontinalis antipyretica. 
 Compound g L-1 
 A Ca(NO3)2∙4H2O 236.1  B KNO3 101.1 
 C MgSO4∙7H2O 246.4 
 D KH2PO4 136.1  E Ca(H2PO4)2∙H2O 2.52 
 F K2SO4 87.2 
 G CaSO4∙2H2O 1.72  H Mg(NO3)2∙6H2O 25.4 
 I  Minor elements:   
  MnCl2∙4H2O 1.81   H3BO3 2.86 
  ZnSO4∙7H2O 0.22   CuSO4∙5H2O 0.08 
  H2MoO4∙H2O 0.09 
 J Na2FeEDTA 5 mg Fe L-1 
 K FeCl3 162.2 
 
Table 2.  Deficiency treatment stock added to 400 ml H2O. 
Soln. A B C D E F G H I J K 
Complete 5 5 2 1 0 0 0 0 1 1 0 
-K 7.5 0 2 - 50 0 0 0 1 1 0 
-P 7.5 0 2 0 0 20 0 0 1 1 0 
-Ca 0 15 2 1 0 0 0 0 1 1 0 
-N 0 0 .5 0 50 20 200 0 1 1 0 
-Mg 5 5 0 1 0 10 0 0 1 1 0 
-S 5 5 0 1 0 0 0 .5 1 1 0 
-Fe 5 5 2 1 0 0 0 0 1 0 0 
-Minor 5 5 2 1 0 0 0 0 0 1 0 
FeCl3 5 5 2 1 0 0 0 0 1 0 1 
1/4 strength  
Marr found that the complete nutrient solution resulted 
in most shoots appearing normal and healthy in most of the 
3 basal and 3 apices in each of the replicate culture jars, but 
4 apical pieces had brownish tips and 1 basal piece had 
brownish leaf margins.  Deficiency symptoms were similar 
o those of tracheophytes: t 
-K: all samples bright green, but some slightly pale 
-P: all dark green, some with scattered chlorotic leaf tips 
-Ca: all pale yellow-green with hint of brown 
-N: all pale green 
-Mg: all looked normal 
-S: all looked normal 
-Fe: all had bright red stem bases; few red in leaf bases 
-Minors: all normal except 8 brown apices 
FeCl3: all had yellow-brown leaves, bright green stems 1 /4 strength:  all normal 
The changes in stem color with the two iron treatments 
are interesting and have taxonomic implications since stem 
color is sometimes used for recognition.  The lack of effect 
by culturing with no minor nutrients may reflect the slow 
growth rate coupled with the ability to store and move the 
nutrients to growing tissues. 
Buck and Brown (1978) warned that typical methods 
used in measuring bryophyte nutrients could cause 
misleading results because of leakage of water-soluble 
nutrients from the cell.  If the bryophytes are dried first, 
this leakage is even greater.  Nevertheless, vigorous 
washing is required to remove particulate matter collected 
on the bryophyte surface (Figure 4). 
 
 
Figure 4.  Fontinalis antipyretica exhibiting dense detritus 
accumulations that can occur with organic pollution.  Photo by J. 
C. Schou, with permission. 
In Cratoneuron filicinum (Figure 5) from a stream 
bank, little zinc and magnesium were lost from desiccated 
cells.  Buck and Brown (1978) suggested that this low loss 
was due to the large proportion of the sample that was stem 
or branch tissue, whereas the losses typically occur from 
the 1-cell-thick leaves.  Potassium, on the other hand, was 
readily lost from the leaves, and this needs to be done 
before the bryophytes are dried because it will glue itself to 
the bryophyte as it dries.. 
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Figure 5.  Cratoneuron filicinum showing a large proportion 
of stem and branch tissue.  Photo by Barry Stewart, with 
permission. 
Noting that bryophytes are the main primary producers 
in mountain streams, Álvaro (2001) considered them to 
have great utility as bioindicators of contamination, 
nutrient or otherwise.  Their lack of thick cuticle, roots, or 
lignified vascular system, perennial life strategy, high 
mineral absorption capacity, simple structure, and wide 
distribution make them more suitable than most of the 
tracheophytes.  Álvaro assessed the mineral nutrients and 
photosynthetic pigments of 12 permanently submerged 
aquatic bryophytes from different streams of the Iregua 
River basin in northern Spain.  The concentrations of  N, P, 
K, Ca, Mg, Fe, and Na were measured in the streams.  
Their concentrations in the bryophytes depend on internal 
factors such as the physiological activity, the specific 
capacity for accumulation, the delicacy of the tissues, and 
the growth cycle.  Typically, the lowest concentrations 
occur in spring and the highest in autumn, but are 
influenced by the growth cycle and flow (causing dilution 
or concentration and determining the rate of delivery). 
Samecka-Cymerman et al (2007) measured Al, Be, Ca, 
Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Ni, Pb, and Zn in the 
stream mosses Fontinalis antipyretica (Figure 2), 
Platyhypnidium riparioides (Figure 6), and Scapania 
undulata (Figure 7).  These bryophytes came from streams 
running through granites/gneisses, limestones/dolomites, 
and sandstones in the Tatra National Park of Poland.  PCA 
analysis grouped bryophytes by mineral concentrations that 
coincided with rock types.  Those from granites/gneisses 
exhibited higher concentrations of Cd and Pb.  Those from 
sandstones had higher concentrations of Cr.  And those 
from limestones/dolomites had higher concentrations of Ca 
and Mg.  We can suppose from these data that the 
dominant species of bryophytes in these streams may be 
adapted to higher concentrations of these elements, but that 
they do not necessarily require those concentrations.  For 
this reason, the bryophytes can serve as ecological 
indicators when analyzed for their mineral content and thus 
serve as monitors for accumulations that occur over an 
extended period of time.  This can be particularly useful 
when the input of an element is intermittent, but knowledge 
of its overall presence through time is needed. 
 
Figure 6.  Platyhypnidium riparioides with capsules, a 
species with 2-phase kinetics for phosphorus enzyme activity.   
Photo by J. C. Schou, through Creative Commons. 
 
 
Figure 7.  Scapania undulata, an emergent species that 
seems to be tolerant of elevated heavy metal concentrations.  
Photo by Michael Lüth, with permission. 
In the Brandon Pithouse Stream of northeast England, 
mosses were the most abundant phototrophs (Ellwood & 
Whitton 2007).  The stream experienced seasonal changes 
in its dissolved N and P.  The filtrable N and P were mostly 
organic, but it appears that with the high N:P ratio, only the 
organic P was important for the mosses.  This peaked in 
late spring during the two study years.  Axenically cultured 
plants exhibited higher PMEase and PDEase (both 
phosphorous enzymes) activities when grown with organic 
P than when grown with inorganic P. 
Vanderpoorten and Palm (1998) reported that aquatic 
bryophytes are able to integrate sudden increases in 
nutrients in oligotrophic streams during floods, suggesting 
greater productivity than that which could be sustained 
during the other times of the year. 
Several acetylenic acids have been identified from 
mosses.  These can contribute to the production of 
triglycerides in nutrient-stressed mosses (Swanson et al. 
1976), although that phenomenon seemed to be associated 
with more terrestrial mosses rather than aquatic ones 
(Anderson et al. 1974).  In Fontinalis antipyretica (Figure 
2), an early study revealed the presence of 9,12-
octadecadien-6-ynoic and 11,14-eicosadien-8-ynoic 
(Anderson & Gellermann 1975).  Later, Dembitsky and 
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Rezanka (1995) demonstrated a wide variation in the 
percentage of acetylenic fatty acids among the aquatic 
bryophyte fatty acids, from 6.6% acetylenic fatty acids in 
the moss Calliergon cordifolium (Figure 8) to 80.2% in the 
thallose liverwort Riccia fluitans (Figure 9). 
 
 
 
Figure 8.  Calliergon cordifolium, a moss with only 6.6% 
acetylenic fatty acids.  Photo by Jerry Jenkins, Northern Forest 
Atlas, with permission. 
 
 
Figure 9.  Riccia fluitans, a thallose liverwort with the high 
level of 80.2% acetylenic fatty acids among its fatty acids.  Photo 
by Andy Newman, through Creative Commons. 
Nitrogen 
Schwoerbel and Tillmanns (1964) demonstrated that 
Fontinalis antipyretica (Figure 2) was able to assimilate 
ammonium from nutrient solutions of NH4Cl, with pH 
decreases dependent on the intensity of the assimilation.  
They found that the tracheophytic aquatic plant Callitriche 
hamulata (Figure 10) increases its ammonium assimilation 
with increases in pH, suggesting that it could take up 
undissociated molecules of NH4OH.  But our understanding of aquatic bryophyte usage of ammonium is 
limited to relatively few species. 
 
Figure 10.  Callitriche hamulata, a species that assimilates 
more ammonium at higher pH levels.  Photo through Creative 
Commons. 
Kopacek and Blazka (1994) assessed the ammonium 
uptake of bryophytes in alpine streams of the High Tatra 
Mountains in Slovakia.  They found that the uptake length 
decreased with the decreasing stream discharge, and that it 
was negligible in acidified streams.  In non-acidified 
streams about 50% of the added ammonium underwent 
nitrification.    The maximum ammonium uptake rates in 
the experiment ranged 6-11 mg m-2 h-1 and were 
comparable to those of two in situ experiments (8 & 12 mg 
m-2 h-1).  Mean uptake rates for ammonium were not related 
to the pH of the stream water.  However, nitrification did 
experience significant photoinhibition in the non-acidified 
streams. 
Vanderpoorten (2000) also noted that different 
populations of Hygroamblystegium tenax (Figure 11) 
exhibited different response curves in their responses to 
ammonium nitrogen, suggesting multiple ecotypes.  Using 
DNA markers, Vanderpoorten revealed great variation in 
Amplified Fragments Length Polymorphism between 
populations of this species, with some showing greater 
affinities to H. fluviatile (Figure 12).  Thus, it appears that 
the aquatic bryophytes have both genetic differences and 
the ability to acclimate through physiological changes in 
response to variable nutrient availability. 
 
 
Figure 11.  Hygroamblystegium tenax, an oligotrophic 
species.  Photo by Jerry Jenkins, Northern Forest Atlas, with 
permission. 
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Figure 12.  Hygroamblystegium fluviatile, a species of less 
oligotrophic streams than those of H. texax.  Photo by Michael 
Lüth, with permission. 
Later, Schwoerbel and Tillmanns (1974, 1977) found 
that Fontinalis antipyretica (Figure 2) is able to assimilate 
both nitrate and ammonium, but that ammonium is used 
preferentially when both are present.  While ammonium is 
being used, nitrate reductase activity is repressed.  When 
the same plants were then given only nitrate, the nitrate 
reductase activity resumed. 
Melzer and Kaiser (1986; Melzer 1980) compared 
nitrate levels in various aquatic macrophytes, including the 
moss Fontinalis antipyretica (Figure 2).  The moss had the 
lowest levels of nitrate.  Whereas some tracheophytes had 
accumulation amplification up to 131 times compared to 
the water, the moss had only 1.24.  Nevertheless, N can be 
limiting for Fontinalis novae-angliae (Figure 13).  When 
our lab (unpublished) cultured this species in stream water 
vs stream water with nitrate added to make 100 mg L-1 
nitrate, the mosses in the added nitrate solution became 
much darker green in color and at least looked healthier 
(Figure 13). 
 
 
Figure 13.  Fontinalis novae-angliae in stream water 
controls and stream water with added nitrate, showing much 
deeper green color in the amplified nitrogen.  Photo by Janice 
Glime. 
Some bryophytes are able to use amino acids as 
nitrogen sources (Keilova-Kleckova 1959).  This is also 
known for the aquatic moss Taxithelium sp. (Figure 14-
Figure 15) (Alghamdi 2003), but experiments using amino 
acids as a nitrogen source are rare. 
 
 
 
Figure 14.  Taxithelium planum on mangrove roots in a 
flood plain.  Photo by Andi Cairns, with permission. 
 
 
 
Figure 15.  Taxithelium planum, in a genus that is known to 
be able to use amino acids as a nitrogen source.  Photo through 
Creative Commons. 
In an old-growth forest stream in Oregon, USA, 
Ashkenas et al. (2004) found that residence time of labelled 
N in the stream was very short (3-12 minutes) and that it 
travelled only 35-55 meters at detectable levels.  The 
predominant organisms involved in this uptake were 
aquatic bryophytes and biofilms on large woody debris 
(epixylon; Figure 16).  On the other hand, they found that 
49% of that nitrogen was exported from the stream to the 
terrestrial environment. 
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Figure 16.  Large woody debris such as that which can 
provide substrate for bryophytes and algae in streams.  Photo by 
Janice Glime. 
Phosphorus 
Arscott et al. (1998) added phosphorus to a portion of 
the Kuparuk River, Alaska, USA, in the summer annually 
for 15 years.  They followed the responses of two genera of 
bryophytes, Schistidium agassizii (Figure 17-Figure 18) 
and Hygrohypnum spp. (Figure 1, Figure 59, Figure 72-
Figure 73) As noted by Benstead et al. (2007) the aquatic 
bryophyte cover greatly increased, but required 8 years of 
enrichment to reach such high cover.  It likewise took 8 
years of recovery to approach reference levels, with the 
help of storms that scoured the mosses from the recovering 
portion. 
 
 
Figure 17.  Schistidium agassizii in its habitat on emergent 
rocks.  Photo by Michael Lüth, with permission. 
 
Figure 18.  Schistidium agassizii, a common species in 
unfertilized portions of the Kuparuk River, Alaska, USA.  Photo 
by Des Callaghan, with permission. 
Slavik et al. (2004) reported that following 8 years of 
phosphorus fertilization in the Kuparuk River the 
bryophytes replaced the epilithic diatoms (Figure 19) as the 
dominant primary producers.  This new coverage of mosses 
affected the ammonium uptake rates, the benthic gross 
primary productivity, the habit structure, and the abundance 
and composition of insect species. 
 
 
 
Figure 19.  Cymbella minuta, one of the major rock-dwelling 
diatoms in the Kuparuk River, Alaska.  Photo by Yuuki Tsukii, 
with permission. 
Schistidium agassizii (=S. alpicola; Figure 17-Figure 
18) and Hygrohypnum spp. (Figure 1, Figure 59, Figure 
72-Figure 73) became extensive in the P-fertilized portion 
of the stream, but only S. agassizii was common in the 
unfertilized reaches (Bowden et al. 1994; Arscott et al. 
1998).  The productivity of the epilithic algae was greater 
than that of the bryophytes when measured as net primary 
productivity per unit of chlorophyll a, suggesting a more 
efficient photosynthesis in these algae, perhaps due to the 
more complex structure of the bryophytes.  But the areal 
rates for the Hygrohypnum species were 2-4 times that of 
the epilithic algae, accounting for 80% of the primary 
productivity in the P-fertilized portions, but for only 9% in 
the unfertilized portions.  Arscott and coworkers concluded 
that Schistidium agassizii uses a subsistence strategy, 
whereas the Hygrohypnum species are opportunists. 
Steinman (1994) reported on the effects of phosphorus 
enrichment on the leafy liverwort Porella pinnata (Figure 
20-Figure 21) in two woodland streams in eastern 
Tennessee, USA.  The P:C ratio in this liverwort in Walker 
Branch was not affected by enrichment, but the P:N ratio 
increased significantly.  In Sludge Creek, where the N:P 
ratio of the water was much smaller, both the P:C and P:N 
ratios in the liverwort increased significantly following 
addition of phosphorus. 
In four upland streams in northern England, Ellwood et 
al. (2008) found that moss phosphatase activities were 
among the most variable parameters in these streams.  They 
found a significantly positive relationship between  
phosphatase activities and aqueous organic nitrogen, but 
not with aqueous organic phosphorus.  There was a 
significantly positive relationship between the 
phosphodiesterase:phosphomonoesterase ratio and the 
aqueous organic nitrogen, between phosphatase activities 
and tissue phosphorus concentration, and between 
phosphatase activities and the tissue N:P ratio. 
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Figure 20.  Porella pinnata on tree in floodplain.  Photo by 
Paul Davison, with permission. 
 
 
Figure 21.  Porella pinnata, a species that responds 
positively to P additions where P is in low concentration in the 
water.  Photo by Ken McFarland and Paul Davison, with 
permission. 
Turner et al. (2001) found that all shoot tips from 
twelve terrestrial and aquatic mosses in their northern 
England and Sweden study exhibited PMEase activity in 
the shoot tips, but not all exhibited PDEase activity.  The 
mean optimum pH for PMEase was 5.9; for PDEase it was 
5.7.  Vmax values differed between Sweden and England.  
In their assessment of Fontinalis antipyretica (Figure 2) 
and Platyhypnidium riparioides (Figure 6) these mosses 
exhibited a 2-phase kinetics for PMEase and PDEase.  Km 
(substrate concentration at half-maximal enzymatic 
velocity) and Vmax (reaction rate when enzyme is fully 
saturated by substrate) were dependent on the substrate 
concentration.  They found that PMEase activity was 
located in the cell wall. 
Christmas and Whitton (1998) compared the 
concentrations of N and P in Fontinalis antipyretica 
(Figure 2) and Platyhypnidium riparioides (Figure 6) at 
headwater and downstream sites of the River Swale-Ouse, 
northeast England.  Mosses in the headwaters exhibited the 
greatest variability of N and P concentrations, and these 
were the lowest concentrations in the mosses among the 
sites.  Both elements increase in the stream water 
downstream.  However, the N:P ratio was highest in the 
headwaters (14.9), decreasing to 6.8 downstream for F. 
antipyretica.  Likewise, for P. riparioides this ratio 
decreased from 12.5 to 5.5 with downstream sampling.  
The PMEase (phosphomonoesterase) was greater at pH 5.5 
than at pH 7.5 or 9.5.  The greatest activity was in the 
headwaters and in the summer.  When the tissue P 
concentration was low or the N:P ratio was high, the 
PMEase activity was greatest, suggesting an acclimation 
mechanism. 
Martínez-Abaigar et al. (2002b) examined the 
physiological effects of KH2PO4 on the leafy liverwort 
Jungermannia exsertifolia subsp. cordifolia (Figure 22).  
The levels of both P and K in the liverwort tissues were 
significantly higher in the more enriched cultures.  
However, the accumulation of P increased through time, 
whereas that of K fluctuated.  The researchers presumed 
that K was subject to leakage from its cells, whereas P 
continued to accumulate.  Although P can be a good 
indicator of environmental conditions, it can reach a 
saturation point.  Furthermore, additional P did not result in 
any increase in photosynthesis, perhaps because P was not 
limiting initially or because even as P increased there were 
other limiting conditions such as other nutrients, light, CO2, or temperature.  In fact, net photosynthesis declines then 
tissue P exceeded 0.45% of dry mass, indicating that it had 
become toxic.  The concentration of chlorophyll was not 
affected by P enrichment, but the chlorophyll a/b ratio and 
the proportion of chlorophylls to phaeopigments suggested 
phosphorus toxicity at those levels.  This toxicity level 
could explain the disappearance of this liverwort from 
streams polluted with phosphorus and permit us to use this 
species as a biological indicator.  In anoxic situations the 
liverwort is apparently unable to absorb the P, presumably 
because the mitochondrial respiration is blocked.  After 
three days, P is lost from the tissues, perhaps due to 
membrane damage (or inability to repair them) in the 
anoxic conditions. 
 
 
Figure 22.  Jungermannia exsertifolia subsp. cordifolia, a 
liverwort that can benefit from addition of both P and K.  Photo 
by Andy Hodgson, with permission. 
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Finlay and Bowden (1994) demonstrated the 
importance of P in Arctic tundra stream bryophytes.  Two 
species of Hygrohypnum (Figure 1, Figure 59, Figure 72-
Figure 73) and Fontinalis neomexicana (Figure 23) were 
much more abundant in the riffles of P-fertilized portions 
of the Kuparuk River, Alaska, USA, but much less 
common in fertilized pools.  In unfertilized portions of the 
river, they were absent.  The researchers used artificial 
bryophytes to test the role of epiphytes and determined that 
whereas growth at low P concentrations was severely 
limited, in the fertilized pools growth of the bryophytes 
was limited by epiphytes.  Epiphyte cover was 4-4.5 times 
as great in the fertilized pools compared to fertilized riffles.  
In the unfertilized pools and riffles, the stem tips of 
Hygrohypnum species failed to elongate, whereas in 
fertilized pools and riffles, stem elongation not only 
occurred, but did not differ based on presence of moving 
water after 32 days.  Stem tips of Fontinalis neomexicana 
elongated in all sites.  The F. neomexicana in fertilized 
riffles had significantly greater growth (4.7±0.1 cm) 
compared to that in unfertilized riffles (2.1±1.1 cm), but 
growth of tips in control pools (2.8±0.8 cm) did not differ 
significantly from that in fertilized pools (2.7±0.9 cm).  
These observations support my observations of aquatic 
bryophytes in pool culture wherein growth of epiphytes 
increases to the detriment of the mosses.  Similarly, Arscott 
et al. (1998) reported an increase in productivity rates for 
Hygrohypnum species from control values of 2.3 g C h-1 to 
6.3 g C h-1 in fertilized reaches of the Kuparuk River. 
 
 
Figure 23.  Fontinalis neomexicana, a species for which 
growth rate increased with the addition of P to the water.  Photo 
by Rambryum, through Creative Commons. 
Using 10 "strictly aquatic" bryophyte species from the 
Rhine Rift, Vanderpoorten et al. (1999) found a strong 
correlation between absorption of ammonia N and 
phosphate P with stream temperature deviation.  
Chiloscyphus pallescens (Figure 24), Apopellia 
endiviifolia (syn.=Pellia endiviifolia; Figure 25), and 
Hygroamblystegium tenax (Figure 11) were oligotrophic 
in comparison to Hygroamblystegium fluviatile (Figure 
12), Cinclidotus danubicus (Figure 26), C. riparius 
(Figure 27), and Fissidens crassipes (Figure 28).  
Leptodictyum riparium (Figure 29), Fontinalis 
antipyretica (Figure 2), and Platyhypnidium riparioides 
(Figure 6) were more frequent in eutrophic (high nutrient 
level) streams, but tolerated a broad spectrum of nutrients.  
Birch et al. (1988) found that the River Wear, northeast 
England, experienced a marked increase in the moss 
Leptodictyum riparium, noting that it is a species typical of 
sites with organic pollution.  Leptodictyum riparium can 
be associated with raised nitrate concentrations (Chatenet et 
al. 2000) and other forms of eutrophication (Hussey 1982; 
Birch et al. 1988; Gecheva et al. 2017).  García-Álvaro 
(1999) indicated that Platyhypnidium riparioides was 
similarly an indicator of eutrophic conditions. 
 
 
Figure 24.  Chiloscyphus pallescens, an oligotrophic leafy 
liverwort.  Photo by Hermann Schachner, through Creative 
Commons. 
 
Figure 25.  Apopellia endiviifolia male plants, an 
oligotrophic species of stream banks.  Photo by Hermann 
Schachner, through Creative Commons. 
 
Figure 26.  Cinclidotus danubicus, a species of less 
oligotrophic streams than those of Chiloscyphus pallescens.  
Photo by Michael Lüth, with permission. 
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Figure 27.  Cinclidotus riparius, a species of less 
oligotrophic streams than those of Chiloscyphus pallescens.  
Photo by Hermann Schachner, through Creative Commons. 
 
 
Figure 28.  Fissidens crassipes, a species of less oligotrophic 
streams than those of Chiloscyphus pallescens.  Photo by Michael 
Lüth, with permission. 
 
 
Figure 29.  Leptodictyum riparium, a species of less 
oligotrophic streams than those of Chiloscyphus pallescens.  
Photo by  Jan-Peter Frahm, with permission. 
In Bear Brook, at the Hubbard Brook Experimental 
Forest, New Hampshire, USA, Meyer (1979) found that 
bryophytes and sediments are retention sites for processing 
of dissolved P.  But Fisher and Likens (1973) have shown 
that the bryophytes contribute only 1% of the total energy 
in this stream.  Algae and tracheophytes are absent.  More 
than 99% of the energy results from allochthonous 
(originating from outside the stream) sources (mostly litter 
and substances carried by the surface and subsurface 
waters). 
Similarly, Bunn et al. (1989) found that aquatic mosses 
were of only tertiary importance as a source of energy in a 
tundra river system.  Instead, most of the energy was 
derived from terrestrial sources. 
  
Locations in Plant 
Brown and Buck (1979) have provided us with good 
insight into the location of cations within the bryophyte 
tissues.  These should hold for aquatic as well as terrestrial 
bryophytes.  Potassium, a very soluble nutrient, is dissolved 
within the cells.  Calcium, on the other hand, has poor 
solubility and is bound to exchange sites in the cell wall.  
Magnesium is present in all these locations.  When the 
bryophyte is desiccated, the cell membranes become 
damaged and leak soluble ions, thus causing the leaves to 
lose potassium and some magnesium.  Most of the 
magnesium becomes bound to cell wall exchange sites.  
The retention of potassium within the cells upon drying is 
related to the availability of water in the bryophyte's 
habitat. 
García-Alvaro et al. (2000) assessed element 
concentrations (N, P, K, Ca, Mg, Fe, & Na) in the 3-cm 
apices of Platyhypnidium riparioides (Figure 6).  These 
were sampled from 17 populations of the Iregua River in 
northern Spain.  These element concentrations were 
significantly correlated with the concentrations in the 
water, differing between the upper siliceous reaches and the 
human impact and CaCO3 of the middle and lower reaches.  
These elements differentiated into the mainly intracellular 
ones (N, P, & K) and those that are primarily exchangeable 
(Ca & Mg). The more soluble elements N, P, and K 
exhibited a linear relationship between tissue content and 
water content.  But for Ca and Mg, a saturation curve 
relationship was present.  Thus this moss exhibited 
enrichment for N, P, and K, but not for Ca and Mg.  They 
provided arguments that this species could acclimate to 
changing water chemistry conditions by altering the uptake 
efficiency. 
García-Álvaro (1999) noted that nitrogen, calcium, and 
potassium are the most abundant elements and that those 
found in their study were comparable to those in other 
aquatic bryophytes.  The elemental concentration was 
lowest in spring.  Fontinalis antipyretica (Figure 2) and F. 
squamosa (Figure 30) exhibited the highest concentrations 
of the most mobile elements (N, P, K) in the apical 
portions.  The least mobile elements (Ca, Mg, Fe) were 
concentrated in the basal portions.  These locations suggest 
that soluble (mobile) elements are moved about in the 
plant.  It does not explain the accumulation of the least 
mobile elements at the base, and it suggests some 
mechanism to determine the direction of movement for at 
least some elements. 
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Figure 30.  Fontinalis squamosa, a species that exhibits high 
concentrations of the most mobile elements (N, P, K).  Photo by 
Hermann Schachner, through Creative Commons. 
In a mid-Wales headwater stream, Chapman et al. 
(1996) found no biological removal of nitrate or potassium 
from the water in winter.  However, Sphagnum (Figure 31) 
apparently contributed to temporary retention of potassium 
through cation exchange. 
  
 
Figure 31.  Sphagnum torreyanum, a species sometimes 
found in streams.  Sphagnum species can contribute to retaining 
potassium temporarily through their cation exchange sites. 
Fischer (1948) compared the leaves of the moss 
Fontinalis antipyretica (Figure 2) and the tracheophyte 
Elodea canadensis (Figure 32).  The older leaves of both 
species have a lower viscosity of cytoplasm.  Potassium 
content decreases sharply in older leaves, especially 
compared to calcium content, consistent with observations 
on terrestrial tracheophytes.  Fischer interpreted the 
changes in viscosity and mineral salt content as decreased 
hydration of the aging plasma micelle. 
Miyazaki and Satake (1985) examined the uptake of 
inorganic carbon and nitrogen by two leafy liverworts in 
Kashiranashigawa, an acid stream in Japan.  Solenostoma 
vulcanicola (Figure 33) and Scapania undulata (Figure 7) 
had similar uptake activities, with both exhibiting the 
highest uptake in the tips of the shoots.  Uptake decreased 
gradually toward the base.  For S. vulcanicola carbon 
uptake at the shoot tip in light was 10.4 x 10-4 C g dry wt-1 
h-1, whereas it was 8.1 x 10-4 g-1 for S. undulata.  Nitrate 
uptake was less than ammonium uptake in the tips, 
suggesting that these liverworts use ammonium as their 
major N source. 
 
 
Figure 32.  Elodea canadensis, an aquatic species that has 
more potassium in younger leaves than in older ones.  Photo by 
Kristian Peters, through Creative Commons. 
 
Figure 33.  Solenostoma vulcanicola habitat in an acid 
stream in Japan.  This species takes up nutrients at the tips and 
apparently uses ammonium preferentially over nitrate.  Photo 
courtesy of Angela Ares. 
Martínez-Abaigar et al. (2002a) found that Fontinalis 
antipyretica (Figure 2) had a higher nitrogen concentration, 
perhaps due to greater physiological activity related to its 
more rapid growth.  Fontinalis squamosa (Figure 30), on 
the other hand, had a greater accumulation of iron.  The 
three relatively insoluble elements Ca, Mg, and Fe 
increased significantly from the apex to the base, consistent 
with uptake over time.  The more physiologically active 
and soluble (mobile) elements N, P, and K were in greatest 
concentrations in the tips.   
Pollution Effects 
In a study of 30 highly seasonal river sites in Bulgaria, 
both hydromorphological river alterations and 
eutrophication led to loss of bryophyte species and 
decreased bryophyte abundance (Gecheva et al. 2017).  
Pleurocarpous mosses became the most prevalent type.  
Eutrophication favored increase in Leptodictyum riparium 
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(Figure 29), an observation also true of filter beds in water 
reclamation works (Hussey 1982).   
Pollution can provide toxic substances, but it can also 
provide limiting nutrients.  And it can affect uptake rates 
and nutrient balance within plants.  For example, organic 
pollution can cause a net loss or cause uptake of N and P to 
cease, resulting in photosynthetic decline (Martínez-
Abaigar et al. 1993).  This was followed by changes in 
pigment composition and phaeopigment ratio.  The most 
sensitive species tested was Jungermannia exsertifolia 
subsp. cordifolia (Figure 22), Fontinalis antipyretica 
(Figure 4) the least, and Brachythecium rivulare (Figure 
34) demonstrated intermediate sensitivity. 
 
  
 
Figure 34.  Brachythecium rivulare, a species with 
intermediate sensitivity to pollution.  Photo by David T. Holyoak, 
with permission. 
Heavy Metals 
Bidwell (1979) noted that micronutrients may be toxic 
if taken in large quantities.  Many heavy metals such as 
manganese, copper, zinc, and molybdenum fall into this 
category.  Micronutrients are those nutrients needed only 
in small quantities.  These are often components of 
enzymes. 
Satake et al. (1984) reported a number of inorganic 
elements in several aquatic bryophytes from New 
Caledonia.  Those assessed included B, Na, Mg, Al, Si, P, 
K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Br, Sr, Mo, 
Cd, and Sb in the shoots of Ectropothecium zollingeri 
(Figure 35), Vesicularia inflectans (Figure 36), and 
Lopholejeunea sp. (Figure 37) from streams.  Not all 
elements could be detected by the ICP analysis method.  
Others were detectable but the concentrations were too low 
for the concentrations to be determined.  Differences 
occurred between the acidic streams and those that were 
not acidified.  Iron, in particular, exhibited a considerable 
difference. 
 
Figure 35.  Ectropothecium zollingeri, a species that absorbs 
inorganic elements differently in acidic and non-acidic streams.  
Photo by Jan-Peter Frahm, with permission. 
 
 
Figure 36.  Vesicularia montagnei; V. inflectans is a species 
that absorbs inorganic elements differently in acidic and non-
acidic streams.  Photo by Tan Sze Wei Aquamoss website 
<www.aquamoss.net>. 
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Figure 37.  Lopholejeunea subfusca, a species that absorbs 
inorganic elements differently in acidic and non-acidic streams.  
Photo by Yang Jia-dong, through Creative Commons. 
Glime and Keen (1984) explored the effects of copper 
on several species of aquatic mosses.  Copper is an 
essential nutrient, but it becomes toxic at higher 
concentrations.  Glime and Keen used Chlorophyta 
medium (Prescott 1968) to culture these bryophytes for 14 
days, adding copper to make concentrations of 0.01, 0.1, 
1.0, and 10.0 mg Cu L-1.  They found that for 
Platyhypnidium riparioides (Figure 6), symptoms of 
toxicity began at 0.01 mg Cu L-1, as demonstrated by a loss 
of chlorophylls a and b (Figure 38).  The same was true for 
Fontinalis duriaei (Figure 39) (for chlorophyll b, but 
chlorophyll a took an initial dip, then increased, before 
exhibiting a declining curve of chlorophyll a loss (Figure 
40).  Both Fontinalis gigantea (Figure 41) and F. 
dalecarlica (Figure 42) exhibited an initial chlorophyll a 
and b rise at 0.01 mg L-1 compared to that of controls, 
suggesting that the medium had copper levels that were not 
optimal for these two moss species (Figure 43 and Figure 
44 respectively). 
 
 
 
Figure 38.  Effect of Cu ions on chlorophyll a and b 
concentrations in Platyhypnidium riparioides.  Redrawn from 
Glime & Keen 1984. 
 
Figure 39.  Fontinalis duriaei, a species that is sensitive to 
copper.  Photo by Michael Lüth, with permission. 
 
 
Figure 40.  Effect of Cu on chlorophyll a and b 
concentrations in Fontinalis duriaei.  Redrawn from Glime & 
Keen 1984. 
 
 
Figure 41.  Fontinalis gigantea in Massachusetts, USA, a 
species that may benefit from some added copper, but that is 
damaged at higher concentrations.  Photo courtesy of Glenn 
Krevofsky. 
2-7-14 Chapter 2-7:  Streams:  Physiological Adaptations – Nutrients, Photosynthesis, and Others 
 
Figure 42.  Fontinalis dalecarlica, a species of acidic 
streams, but is damaged at pH 3.0.  Photo by Jean Faubert, with 
permission. 
 
 
  
 
Figure 43.  Effect of Cu on chlorophyll a and b 
concentrations in Fontinalis gigantea.  Redrawn from Glime & 
Keen 1984. 
The measurements of chlorophyll as affected by added 
copper were evident externally as loss of color in the 
mosses (Fontinalis spp.; Figure 45-Figure 46).  Glime and 
Keen (1984) also found cellular changes in leaves with 
high levels of copper.  In the controls, the protoplasm with 
its chloroplasts filled the leaf cells (Figure 47).  A small 
addition of Cu (0.01 mg L-1) caused an increase in 
chlorophyll (Figure 48).  At 1 mg Cu L-1, the leaf cells of 
Fontinalis dalecarlica (Figure 47-Figure 49) exhibited 
only minor damage compared to the controls (Figure 49), 
whereas the cells of F. duriaei were clearly plasmolyzed 
and most of the green color was gone (Figure 50).  At 10 
mg Cu L-1 the leaf cell contents of F. dalecarlica (Figure 
42) again filled the cells but the contents were brown with 
little structure being visible (Figure 51).  The loss of 
plasmolysis at this concentration suggests severe 
membrane damage. 
 
Figure 44.  Effect of Cu on chlorophyll a and b 
concentrations in Fontinalis dalecarlica.   Redrawn from Glime 
& Keen 1984. 
 
 
Figure 45.  Fontinalis novae-angliae responses to various 
Cu concentrations showing loss of green color at branch tips.  
Photo by Janice Glime. 
 
Figure 46.  Fontinalis novae-angliae in 3 mg L-1 Cu, 
showing loss of green color, especially at the tips of the branches.  
Photo by Janice Glime. 
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Figure 47.  Fontinalis dalecarlica healthy leaf cells in 
Control culture medium.  Photo by Janice Glime. 
 
 
Figure 48.  Fontinalis dalecarlica  leaf cells  at  0.01 mg Cu 
L-1.  At this concentration, both chlorophylls increased in 
concentration compared to the controls.  Photo by Janice Glime. 
 
 
Figure 49.  Fontinalis dalecarlica exhibiting beginnings of 
damage in culture medium with 1 mg Cu L-1.  Photo by Janice 
Glime. 
Claveri and Mouvet (1995) found that a concentration 
of 90 µg L-1 copper exposure for 12 days at 29ºC resulted 
in denaturation of chlorophyll in Platyhypnidium 
riparioides (Figure 6).  As they increased the water 
temperature from 7 to 29ºC, the moss vitality decreased, 
but the copper uptake and release did not change.  They 
concluded that copper uptake is not related to 
photosynthesis. 
 
Figure 50.  Fontinalis duriaei plasmolyzed leaf cells in 
culture medium with 1 mg Cu L-1.  Photo by Janice Glime. 
 
 
Figure 51.  Fontinalis dalecarlica deplasmolyzed leaf cells 
in culture medium with 10 mg Cu L-1.  Photo by Janice Glime. 
 
Recently researchers have been exploring the role of 
glutathione in protecting plants from stressors (Bruns et al. 
(2001).  This includes their role in heavy metal 
detoxification.  Bruns and coworkers found that the 
glutathione pool increased significantly during the first two 
days of added 100 µmol L-1 Cd(II) in both terrestrial and 
aquatic bryophytes.  They found that Cd(II) induced an 
increase in the glutathione pool of Fontinalis antipyretica 
(Figure 2).  At the same time, cysteine and γ-glutamyl-
cysteine increased, but did not reach a high level.  Uptake 
indicated fast regulation of the equilibrium between the 
plant surface and the medium.  This was followed by slow 
migration of the Cd to intracellular sites in the moss.  There 
the Cd is stored primarily in the vacuoles as phosphate 
precipitates.  The sulfur content also increased during Cd 
exposure, and the Cd is chelated by SH groups.  These 
cellular activities provide detoxification of heavy metals. 
Because of their ability to take in heavy metals during 
all seasons of the year without suddenly releasing them has 
made aquatic bryophytes useful organisms for heavy metal 
biomonitoring.  Caines et al. (1985) found that aquatic 
bryophytes in acid streams in Scotland could 
bioconcentrate the metals aluminium, manganese, and zinc, 
but that increased H⁺ concentrations caused a decrease of 
metal concentrations in the aquatic bryophytes.  Thus, the 
bryophytes that can help to clean up heavy metals in 
2-7-16 Chapter 2-7:  Streams:  Physiological Adaptations – Nutrients, Photosynthesis, and Others 
streams may be unable to accomplish their beneficial work 
when acid rain also accompanies the metal pollution. 
In the Ore Mountains of eastern Germany, Samecka-
Cymerman et al. (2002) assessed heavy metals and 
nutrients in the mosses Platyhypnidium riparioides (Figure 
6) and Fontinalis antipyretica (Figure 2) and the liverwort 
Scapania sp. (Figure 7).  All investigated elements (Ni, Cr, 
Co, Zn, Mn, Pb, Cd, Cu, Ba, Al, V, Ca, Mg, K) except Sr 
were elevated in the bryophytes.  Furthermore, Cd (195 mg 
kgˉ1), Cu (233 mg kg-1), Zn (22,500 mg kg-1), Pb (595 mg 
kg-1), and Co (140 mg kg-1) were in concentrations that 
seriously exceeded background values.  The researchers 
furthermore demonstrated that the bryophytes retained part 
of the metal loading even after the pollution ceased and the 
streams returned to levels found in cleaner rural areas. 
Heavy metals can cause the loss of soluble essential 
nutrients such as potassium or cause the release of nutrient 
cations, such as Mg, on the ion exchange sites.  Vázquez et 
al. (1999) examined the locations of heavy metals in shoot 
tips of Fontinalis antipyretica (Figure 2), Scapania 
undulata (Figure 7), and Fissidens polyphyllus (Figure 
52).  They found that in most instances the greater 
concentration was in the extracellular component compared 
to the intracellular compartment.  The particulate fraction 
content was negligible.  The liverwort Scapania undulata 
has a high affinity for the metals on its extracellular sites.  
On the other hand, the moss Fissidens polyphyllus has a 
relatively low affinity.  By contrast, the latter species has 
the highest intracellular content after incubation in the 
heavy metal solution.  The heavy metals caused 
considerable loss in intracellular K, most likely due to 
membrane damage.  Extracellular Mg also decreased in the 
heavy metal solutions, probably due to displacement on the 
cation-binding sites.  The greatest losses of intracellular K 
occurred in S. undulata, followed by F. antipyretica.  
However, S. undulata had the lowest losses of extracellular 
Mg. 
  
 
Figure 52.  Fissidens polyphyllus, a species with a low 
affinity for heavy metals.  Photo by Janice Glime. 
López and Carballeira (1993) similarly found that the 
leafy liverwort Scapania undulata (Figure 7) had the 
highest accumulatory capacity when compared to the 
mosses Fontinalis antipyretica (Figure 2), Platyhypnidium 
riparioides (Figure 6), and Brachythecium rivulare (Figure 
34) with intermediate capacities.  Nevertheless, they 
considered the latter two species to be more useful for 
bioindication.  Although the relationship between metal in 
the bryophytes and that in the water was low, it was 
statistically significant for all metals except Co in F. 
antipyretica and Cd, Pb, and Co in the other three 
bryophytes.  The low relationship can relate to intermittent 
concentrations in stream water, whereas the bryophytes 
accumulate and do not represent a single point in time.  
Like Caines et al. (1985), López and Carballeira found that 
pH was a modifying factor in how the bryophytes 
responded to the metals.  Other modifying factors include 
sulfate concentration, nitrite, ammonia, and filtrable 
reactive phosphate. 
Carballeira and López (1997) then applied this 
information to field assessment of heavy metals (Cd, Cr, 
Cu, Co, Ni, Pb, Zn, Fe, and Mn) in 36 rivers of Galicia, 
Spain.  Using five bryophytes, they found that the liverwort 
Scapania undulata (Figure 7) and moss Platyhypnidium 
riparioides (Figure 6) indicated the highest background 
levels, with concentrations significantly exceeding those in 
Fontinalis antipyretica (Figure 2) and Fissidens 
polyphyllus (Figure 52) for nearly all metals tested.  
Substrate lithology clearly influenced levels of some metals 
in S. undulata and F. polyphyllus. 
Vázquez et al. (2000) explored the effects of acidity 
and metal concentration on accumulation of metals on and 
in the moss Fontinalis antipyretica (Figure 2).  Using 
transplanted mosses that were subsequently sampled after 1 
to 35 days, they determined the metal levels in the 
extracellular and intracellular compartments.  As in other 
studies, they found that in acid water the uptake is 
distinctly lower than in near-neutral water.  They suggested 
that competition of H⁺ ions for the extracellular binding 
sites accounted for the lower concentration of metal 
cations.  Furthermore, there was a rapid release of metal 
ions from the intracellular component.  As found in other 
studies, K⁺ was lost from within the cell and Mg⁺⁺ was lost 
from the extracellular component.  Ca⁺⁺ was lost from both 
components, suggesting damage to the cell wall (or at least 
to the cell membrane).  
pH 
As already noted by Vázquez et al. (2000), in addition 
to its strong effects on obtaining CO2 for photosynthesis, 
pH can also influence the uptake rate of metal ions into the 
mosses (Martins et al. (2004).  The maximum biosorption 
capacity for both cadmium and zinc was at a pH of 5.0.  On 
the other hand, zinc sorption increased when water 
hardness with added CaCO3 increased from 101.1 to 116.3 
mg L-1.  As the hardness increases further, the calcium 
effectively competes with the zinc and reduces its sorption.  
The presence of Ca ions had no affect on cadmium uptake. 
Burr (1941) concluded that Fontinalis (Figure 2, 
Figure 4, Figure 23) is more productive in bicarbonate than 
in CO2, but finding any mechanism to explain such a relationship has been elusive. Allen and Spence (1981) 
concluded that there was a gradation of bicarbonate users, 
not a "user" vs "non-user," among aquatic plants.  This, in 
fact, makes some sense for this genus. 
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Farmer et al. (1986) tested 15 species of freshwater 
macrophytes for activities of RUBISCO and PEP 
carboxylase.  RUBISCO was the most active in all species, 
including the moss Fontinalis antipyretica (Figure 2) and 
some liverworts.  This is consistent with the behavior of C3 plants. 
Vieira et al. (2018) analyzed bryophyte communities 
in 474 river reaches in Mediterranean climates of six 
European countries.  They found that calcium and 
magnesium were the most notable chemical influences on 
the types of communities present.  These are both 
indicators of hard water and typically a pH above neutral. 
Acidification changes the communities of bryophytes 
in streams.  Liming of both natural and polluted acid 
streams can alter these communities (Brandrud 2002).  In 
Sweden and Norway, Brandrud found that adding lime 
typically permits re-establishment of species such as 
Fontinalis spp. (Figure 2, Figure 4, Figure 23) that are 
acid-sensitive.  The critical level of pH seems to be about 
5.5, particularly for species that depend on availability of 
HCO3ˉ, including many of the tracheophytes.  On the other 
hand, bryophytes [e.g. Nardia compressa (Figure 53) and 
Sphagnum auriculatum (Figure 54)] may be negatively 
affected because of their need for free CO2 for 
photosynthesis. 
 
 
Figure 53.  Nardia compressa, a leafy liverwort, a species 
requiring free CO2.  Photo by Hermann Schachner, through Creative Commons. 
 
 
Figure 54.  Sphagnum auriculatum, a species that may be 
negatively affected by pH above 5.5 because of its need for free 
CO2.  Photo by Jan-Peter Frahm, with permission. 
Photosynthesis and Growth 
Hanson and Rice (2014) introduced the book 
Photosynthesis in Bryophytes and Early Land Plants by 
asking two questions:  "What is it about bryophyte growth 
form and physiology that has allowed them to persist 
through time and radiate into every terrestrial ecosystem, 
even dominating some of them? What can we learn from 
modern bryophytes to address this question and to predict 
how plants will respond to future environmental change?"  
Certainly bryophyte growth and photosynthetic responses 
provide a major part of the answers to these questions. 
Many of the early experiments on photosynthesis in 
bryophytes were conducted on aquatic species.  These were 
often used to determine the various influences of 
environmental factors on the photosynthesis of aquatic 
plants and provided us with some of our early foundations 
regarding photosynthesis.  Plaetzer (1917) investigated 
temperature effects on both assimilation and respiration in 
water plants, including Fontinalis antipyretica (Figure 2) 
and Cinclidotus aquaticus (Figure 55).  Harder (1921) 
examined limiting factors in carbonic acid assimilation, 
using Fontinalis (Figure 2, Figure 4, Figure 23) and 
Cinclidotus (Figure 26-Figure 27) among their 
experimental organisms.  Wehner (1928) examined the 
physiology of photosynthesis in Fontinalis.  Iversen (1929) 
studied the influence of pH on macrophytes in Danish 
waters, including the aquatic bryophytes Chiloscyphus 
(Figure 24), Drepanocladus s.l (Figure 56)., Fontinalis, 
Nardia (Figure 53), Riccia (Figure 9), Ricciocarpos 
(Figure 57), Scapania (Figure 7), and Scorpidium (Figure 
58).  Bode (1940) looked at the effects of various 
wavelengths on photosynthesis and discovered what 
appears to be the first record of photorespiration, noting 
that there was respiration in light that was different from 
that in dark in Fontinalis antipyretica (Figure 2).  
Auerbach et al. (1972) developed an apparatus for using 
IRGA to measure CO2 metabolism in Fontinalis 
antipyretica (Figure 2, Figure 4) and verified its 
effectiveness by the changeover from light to dark and back 
to light. 
 
 
Figure 55.  Cinclidotus aquaticus, a moss that inhabits 
emergent boulders.  Photo by Hermann Schachner, through 
Creative Commons. 
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Figure 56.  Drepanocladus aduncus, a moss that can occur 
in ditches.  Photo by Hermann Schachner, through Creative 
Commons. 
 
Figure 57.  Ricciocarpos natans, a floating thallose 
liverwort.  Photo by Shaun Winterton, through Creative 
Commons. 
 
 
Figure 58.  Scorpidium scorpioides, an emergent moss.  
Photo by Joanne Redwood, through Creative Commons. 
Bryophytes typically are physiological shade plants 
with low chlorophyll a:b ratios (Proctor 1990).  They 
become light-saturated at relatively low irradiance.  Thus, 
they are well adapted for aquatic conditions.  Their growth 
forms must balance water economy with light, carbon, and 
nutrient capture, the latter three often being limiting in the 
aquatic environment. 
Conditions for existence may not always be those that 
promote growth.  Survival can occur for long periods of 
time with no photosynthesis or growth.  Thus, a fragment 
can arrive and survive, but not become established. 
Glime (2014a) summarized published parameters that 
are important in determining photosynthetic rate in aquatic 
bryophytes.  These include CO2 concentrations, pH, 
boundary layer resistance, loss of light intensity with depth, 
loss of red light with depth (shifting to a greater percentage 
of green light), nutrients concentrations – especially 
nitrogen and phosphorus, sedimentation, periphyton, 
detritus, water level fluctuations causing desiccation, and 
temperature. 
Sanford et al. (1974) found that temperature was 
among the important factors affecting growth of 
Hygrohypnum ochraceum (Figure 59).  When the 
temperatures exceeded 26ºC, some stem tips died, and after 
four weeks at 30ºC, all died.  But at temperatures at low as 
4ºC, the mosses thrived and grew.  Their optimum growth 
range for growth was 7-21ºC. 
 
 
Figure 59.  Hygrohypnum ochraceum, a species in which 
temperature is an important factor affecting growth.  Photo by S. 
H. Studdard, through Creative Commons. 
One of the differences that bryophytes experience 
during photosynthesis is the lack of lacunae (unspecified 
spaces; Figure 60, Figure 61) within the leaves, although 
some thallose liverworts do have lacunae (Figure 60).  In 
tracheophytes, these air spaces permit the leaves to refix 
respired CO2.  Westlake (1978; Kelly et al. 1981) noted that time lag between cessation of light and cessation of 
photosynthesis was very short, only ~2-7 minutes, a 
consequence of having no air spaces within the leaves.  
When Søndergaard (1979) compared the refixed CO2 in 
Fontinalis antipyretica (Figure 2) to that in the 
tracheophytes Elodea canadensis (Figure 32), 
Dortmanna lacustris (syn. = Lobelia dortmanna; Figure 
62), and Littorella uniflora (Figure 63), the F. antipyretica 
and Elodea canadensis had the lowest efficiencies.  Elodea 
has few lacunae; Fontinalis has none.  Søndergaard (1981) 
also demonstrated that for Fontinalis antipyretica the loss 
of C was greater in the dark than in the light.  There was an 
initial burst in CO2 in the light, after which the loss rates 
decreased little. 
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Figure 60.  Marchantia polymorpha thallus cs showing 
lacunae with photosynthetic cells, associated with a pore.  Photo 
by Wilhelm Barthlott, with permission. 
 
Figure 61.  Polytrichum juniperinum leaf lamellae CS 
showing air spaces.  Photo courtesy of John Hribljan. 
 
Figure 62.  Dortmanna lacustris, a species with greater CO2 refixation efficiency than Elodea canadensis or Fontinalis 
antipyretica.  Photo by Przykuta, through Creative Commons. 
 
 
Figure 63.  Litorella uniflora, a species with greater CO2 refixation efficiency than Elodea canadensis or Fontinalis 
antipyretica.  Photo by Vallez, through Creative Commons. 
Patterns of Allocation 
The pattern of allocation can be an adaptation to 
environmental conditions present in the aquatic 
environment (Rice 1995).  This determines the delegation 
of the carbon fixed to cell structure, hyaline vs 
photosynthetic cells, stem vs leaf tissue, and defense 
compounds. 
Water Content 
Among those factors important for photosynthesis and 
growth is the water content.  Ueno and Kanda (2006) 
explored these relationships in Arctic populations of 
Calliergon giganteum (Figure 64), using IRGA to measure 
photosynthesis.  They found that the maximum net 
photosynthetic rate was 1.2-1.6 mg CO2 g-1 h-1.  At half this maximum net photosynthetic level, the water content was 
980%, whereas at the optimum level it was 1500-1700% of 
dry weight.  These values were the highest thus far reported 
for wetland mosses, suggesting that this species has a 
strong adaptation to hydric conditions. 
 
 
Figure 64.  Calliergon giganteum, a species with an 
optimum of 1500-1700% of dry weight water content for 
photosynthesis.  Photo by Misha Ignatov, with permission. 
Respiration 
One of the most notable discoveries in early studies on 
Fontinalis was that of photorespiration.  Bode (1940) 
reported that there was a respiration present in the light that 
was different from that in the dark, and this appears to be 
the first discovery of photorespiration.  He noted that 
Fontinalis antipyretica (Figure 2) carries out most 
respiration in blue light and photosynthesizes most in red 
light.  But red light attenuates quickly as it passes through 
water.  Bode also reported that chlorophyll respiration of 
this species increases in red light, but xanthophyll and 
carotene respiration increases in blue light. 
Azcćon-Bieto et al. (1987) used cyanide resistance of 
respiration in two aquatic bryophytes and an alga to show 
that their respiratory resistance was lower (25-50%) 
compared to that of tracheophytes (>50%).  They 
interpreted this to mean that the photosynthetic tissues of 
these aquatic autotrophs have a considerable capacity for 
alternative pathways.  But understanding these alternatives 
has been elusive. 
Peñuelas et al. (1988) found that aquatic bryophyte 
shoots had a higher rate of respiratory oxygen uptake (53-
66 µmol O2 g-1 DW h-1) than did stems of flowering plants, 
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but it was lower than those for flowering plant leaves.  The 
cyanide-resistant respiration suggested the existence of an 
alternative pathway to the usual cytochrome system in all 
the plants and algae studied. 
Steemann Nielsen (1947) cautioned that Fontinalis 
(Figure 2) had quite variable respiratory rates, making long 
experiments necessary.  On the other hand, it has 
practically no C resource reserves that complicate 
measurements of photosynthesis in terrestrial 
tracheophytes. 
Maberly (1985) examined the roles of photon 
irradiance, CO2 concentration, and temperature in the 
aquatic moss Fontinalis antipyretica (Figure 2).  Using 7 
levels of photon irradiance and 5-6 concentrations of CO2 
at the ambient temperature of the collection site, Maberly 
measured photosynthesis in 4 months during the year.  
They found no evidence of photoinhibition, and light 
compensation was low compared to values for this species 
published elsewhere.  The CO2 compensation was typical of that for C3 plants (those plants that initially store carbon 
from CO2 in a 3-C compound and that are unable to store 
CO2 in compounds used to complete the photosynthetic cycle later).  They found that the slope of photosynthesis vs 
CO2 concentration increases linearly with temperature in a 
manner that is consistent with the effects of boundary layer 
resistance.  These measurements clearly demonstrated the 
interaction of temperature, CO2 concentration, and 
irradiance on the rate of photosynthesis, emphasizing the 
need to consider all three factors when determining the 
upper and lower limits of net photosynthesis.   
Winter Temperatures 
Atanasiu (1968) reported on the photosynthesis and 
respiration of bryophytes in winter.  Photosynthesis in 
some bryophytes occurs under ice (Bowes & Salvucci 
1989), a condition wherein light levels are quite low. 
Measurements indicate that the truly aquatic 
Fontinalis antipyretica (Figure 2) and F. squamosa 
(Figure 30) have their greatest vitality in winter, a time 
when both light levels and temperatures are low, hence 
reducing respiratory loss (Beaucourt et al. 1999; Beaucourt 
2000).  Furthermore, photosynthesis does not seem to be 
affected by internal concentration of nutrients or pigment 
composition. Beaucourt and coworkers reported that the 
chlorophyll concentration of Fontinalis antipyretica and F. 
squamosa in the studied European sites was similar to that 
found in terrestrial bryophytes and tracheophytes.  Growth 
could occur throughout the year, but varied by season.  
Greater breadth of the metabolic capacity helps to account 
for the broader distribution of F. antipyretica when 
compared to that of F. squamosa.  Both species have only 
moderate nutritional requirements, permitting them to live 
in oligotrophic (having relatively low concentrations of 
plant nutrients) waters.  They have low chl a: chl b ratios, 
typical of shade plants, and only limited photoprotective 
capacity.  Nevertheless, their pheophytinization indices 
indicate a "good degree of vitality."  Thus, these shade-
adapted plants have rates of photosynthesis and respiration 
similar to those of shade-adapted tracheophytes.  These are 
accompanied by low apparent quantum yields (measure 
of how many molecules of a certain substance such as 
H2O2, dissolved inorganic carbon, etc. can be produced per 
photon absorbed by, for example, colored dissolved organic 
matter), low compensation points (incorporated C = C lost 
in respiration), and low saturation points (level of light at 
which more light does not increase photosynthesis).  They 
also develop photoprotective mechanisms at low 
irradiances and non-photochemical damping.  These 
factors, along with their electron transport rate, indicate 
that the two aquatic mosses suffer from photoinhibition at 
relatively low light levels. 
CO2 
Blackman and Smith (1910) were early researchers on 
the photosynthesis of aquatic plants, including bryophytes.  
They found that in Fontinalis (Figure 2, Figure 4, Figure 
23) the assimilation increased steadily and proportionally 
as the CO2 concentration increased.  Then it stopped abruptly at ~0.023 g CO2 assimilation per hour.  They 
interpreted this as a limit set by the light intensity, creating 
a CO2 saturation point for that light intensity.  Compared to 
Elodea (Figure 32) in the same study, the Fontinalis was 
consistently less efficient in its uptake of CO2.  They 
suggested that the lack of an internal atmosphere limited 
the uptake in the moss.  Consistent with the concept of 
limiting factors, they considered that whatever was in least 
supply imposes the limit to photosynthesis.  The concept is 
based on Liebig's 1840 Law of the Minimum (Odum 
1959), stating that growth is controlled by the scarcest 
resource, not the total amount of resources available. 
A variety of factors interact to determine the level of 
photosynthesis that aquatic plants can achieve.  These 
include use of alternative sources of CO2, alternative sources of carbon besides CO2, carbon-concentrating 
mechanisms, adaptations to achieve net photosynthesis in 
low light, and morphological adaptations to increase 
absorption of inorganic carbon and nutrients (Boston et al. 
1989; Bowes & Salvucci 1989; Madsen & Sand-Jensen 
1991). 
Bowes and Salvucci (1989) considered plasticity in the 
photosynthetic metabolism to be an important adaptation in 
submersed aquatic macrophytes.  They considered 
dissolved inorganic carbon, light, and temperature to be the 
main constraints, but pH, oxygen, and mineral nutrients 
may also contribute to the constraints.  Because of low CO2 
diffusion rates, aquatic macrophytes typically have low 
light requirements and low photosynthetic rates.  
Photosynthesis in some occurs under ice and in some at 
35ºC.  Their plasticity is most recognizable in their variable 
CO2 compensation points, in part because of their photorespiration.  Nevertheless, alternate ways of obtaining 
or storing CO2 have not been discovered in bryophytes. 
CO2 or Bicarbonate Use – or Not 
James (1928), who included Fontinalis antipyretica 
(Figure 2) in his studies on CO2 assimilation, noted that 
measurements of CO2 uptake had assumed that all aquatic 
plants absorbed CO2 only and could not use bicarbonate, but that this was a false assumption, at least for 
tracheophytes.  Nevertheless, this question continued to 
puzzle those who studied photosynthesis in aquatic 
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bryophytes (Ruttner 1947, 1948; Steeman Nielsen 1947; 
Steeman Nielsen & Kristiansen 1949; Stålfelt 1960a). 
Stålfelt (1960b) noted that contributors to the 
publication Handbuch der Pflanzenphysiology. V. Die CO2-
assimilation had shown the dependence of CO2 assimilation on light, temperature, and carbonic acid, 
noting the interactions of external and internal factors in 
CO2 assimilation.  Nevertheless, the ability of some aquatic bryophytes to thrive in alkaline streams where free CO2 is 
scarce, still lacks explanation today. 
Madsen and Sand-Jensen (1991) also puzzled over the 
relationship between CO2 concentration and net 
photosynthesis in aquatic plants, including mosses.  They 
found that it was a more gradual relationship than that 
predicted by Michaelis-Menten kinetics (equation relating 
reaction velocity to substrate concentration).  This 
suggested that other factors besides activity of 
carboxylation enzymes were at play in regulating 
photosynthesis.  When CO2 concentrations in the medium are low, photosynthesis is restricted by the slow diffusion 
rate into the plant at the carboxylation site.  The maximum 
possible photosynthetic capacity seems to be limited by the 
enzyme activity or turnover of intermediates in the carbon 
reduction cycle, including limitations by ATP and reducing 
agents.  But for many of the aquatic macrophytes (~50% of 
those tested), bicarbonate can be a source of carbon for 
photosynthesis.  A number of researchers have failed to 
find any use of bicarbonates by aquatic bryophytes (Bain & 
Proctor 1980).  Bain and Proctor used the rise in pH as an 
indicator of photosynthetic uptake of CO2.  They found 
equilibrium values around pH 8.0-9.0, a limit that indicates 
the mosses are CO2 limited and unable to use bicarbonate.  
By comparison, four known bicarbonate-using 
macrophytes reached equilibrium at pH 10.1 to 10.9.  The 
hornwort Anthoceros husnotii (Figure 65), on the other 
hand, reached its maximum pH value at 9.5 in 2.0 mM 
NaHCO3, suggesting a possible uptake mechanism for 
bicarbonate.  Anthoceros, a member of Anthocerotophyta, 
has pyrenoids (Figure 66), and these have been considered 
as possible CO2-concentrating organelles (Smith & 
Griffiths 1996; Raven et al. 2018). 
 
 
 
Figure 65.  Anthoceros agrestis; maximum photosynthesis of 
A. husnotii reached a pH of 9.2.  Photo by Jean Faubert, with 
permission. 
 
Figure 66.  Cells of Anthocerotophyta showing doughnut-
shaped pyrenoids.  Photo by Chris Lobban, with permission. 
Some aquatic plants, particularly the isoetids, have a 
carbon-concentrating mechanism that permits the binding 
of CO2 at night for later use.  As noted, we know that 
among the bryophytes, the Anthocerotophyta (Figure 65) 
have a CO2-concentrating mechanism in the pyrenoid.  However, no such structure is known in the aquatic 
bryophytes outside this phylum.  Is there some other 
mechanism for trapping CO2 or for converting bicarbonates? 
Raven et al. (1998) found that most bryophytes tested 
were typical C3 plants.  However, two of the aquatic mosses, Fissidens cf. mahatonensis and Fontinalis 
antipyretica (Figure 2) behave as if they have a CO2-
concentrating mechanism.  Furthermore, in running water 
there seems to be little restriction of CO2 fixation due to 
CO2 diffusion. 
As noted by Madsen and Sand-Jensen (1991), one 
option exhibited by tracheophytes is the development of 
floating or aerial leaves, giving them access to atmospheric 
CO2.  To my knowledge, such a possibility has not been 
explored in bryophytes.  But consider the bryophytes that 
are partly submersed and partly emergent on rocks.  They 
remain fully  hydrated through splash, but have access 
above the water line to atmospheric CO2.  This provides 
two possibilities.  The CO2 could be taken into exposed leaves and transported to other parts of the plant, or the 
CO2 could be incorporated into intermediate or even final 
products and then transported to sites where it is needed.  
Many studies indicate that bryophytes are able to transport 
substances throughout the plant, so the latter explanation is 
feasible.  Both hypotheses remain to be tested, possibly 
through tracer studies of labelled atmospheric CO2. 
Madsen et al. (1993a) demonstrated that net 
photosynthesis of stream macrophytes declined 34-61% as 
flow velocity in a stream increased from 1 to 8.6 cm s-1.  At 
the same time dark respiration increased 2.4-fold over that 
range.  These included the moss Fontinalis antipyretica 
(Figure 2, a species considered unable to use bicarbonates.  
But how does this relate to CO2 usage? 
Madsen et al. (1993b) suggested that plant species 
with a high ability to extract carbon typically, possibly 
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through bicarbonate use, had low RUBISCO activity, low 
chlorophyll concentrations, and low surface to volume 
ratio.  This was particularly true for marine algae.  Those 
species with low ability to extract carbon exhibited an 
opposite pattern.  Madsen and coworkers suggest that it 
costs less to accomplish carbon assimilation in plants with 
a CO2- concentrating mechanism.  These relationships have 
not been investigated in bryophytes and should be 
investigated, especially in the Anthocerotophyta (Figure 
65). 
Having emergent parts permits some semi-aquatic 
bryophytes to obtain atmospheric CO2 in their growing tips, 
but this is not an available option for truly aquatic species.  
Mosses such as Fissidens grandifrons (Figure 67) can live 
in waterfalls where exposure to atmospheric gasses is more 
common, but they can also exist and grow in completely 
submersed conditions in alkaline water where one would 
not expect to find any free CO2 (Glime & Vitt 1987).  So 
how do these mosses obtain the carbon needed for 
photosynthesis? 
  
 
Figure 67.  Fissidens grandifrons, a moss that can grow 
completely submersed in alkaline streams.  Photo by Janice 
Glime. 
One possibility is CO2 from sediments and adhering 
microbes, as reported by Madsen and Sand-Jensen for 
tracheophytes (1991).  In some tracheophytes, the 
sediments can contribute more than 90% of the total carbon 
uptake.  But many of these tracheophytes have pumping 
mechanisms that move the CO2 from the sediments, through roots or tubers, to upper parts of the plants.  Such a 
mechanism does not seem possible in bryophytes because 
of their lack of lacunae (spaces) in the stems where they 
could carry the CO2 to leaves. 
Sanford et al. (1974) concluded that CO2 from the 
bacterial flora was important for the growth of 
Hygrohypnum ochraceum (Figure 59) in the Sacramento 
River, California, USA.  In their experiments, an increase 
in dissolved CO2 promoted an increase in elongation.  Furthermore, the moss was less abundant in areas of the 
river that had a lower CO2 level. 
Nevertheless, in the cold waters of glacial melt streams 
such as those where Glime and Vitt (1987) found Fissidens 
grandifrons (Figure 67), we would expect the 
transformation of evolved CO2 or loss to the atmosphere to 
be slowed by the low temperature.  With no epidermis or 
thick waxy cuticle to interfere with CO2 absorption 
(bryophytes often do have a cuticle – Green & Lange 
1995), we could expect the moss to grab the CO2 before all could be lost to the atmosphere or the bicarbonate-
carbonate pathway in the water.  But again, we have no 
evidence to support this hypothesis.  I would guess that the 
rapid flow of these glacial streams does not facilitate the 
accumulation of organic silt.  The microbes on the mosses 
have not been examined. 
Another possibility that has not been explored is the 
possibility that the cation exchange sites on moss leaf cells 
could create an environment in which bicarbonate is 
converted to CO2 due to lowering of pH at the leaf surface.  
We know that bryophytes (not just Sphagnum – Figure 54) 
have cation exchange.  That means that the cell walls, 
including those on the surface, release hydrogen ions, thus 
creating a microenvironment of lower pH.  
Or perhaps the carbonic anhydrase in the moss leaf 
cells (see Steemann Nielsen & Kristiansen 1949; Arancibia 
& Graham 2003). is able to convert bicarbonates in contact 
with the moss leaves to CO2 at the leaf surface.   Could this 
be sufficient to effect the change of bicarbonates, and even 
carbonates to release free CO2 at the moss surface? But the controversy continued.  Osmond et al. (1981) 
found that delta 13C values were consistent with the 
hypothesis that Fontinalis antipyretica (Figure 2) used 
almost exclusively free CO2 in photosynthesis.  Rather, 
they considered that the boundary layer diffusion and 
bicarbonate uptake may determine the assimilation rate.  
Their data on differences in different flow rates seemed to 
confirm this. 
When attempting to test the reliability of radiocarbon 
dating of aquatic mosses, MacDonald et al. (1987) got a 
surprise.  They found 14C dates in the moss Drepanocladus 
longifolius (Figure 68) that were considerably older than 
the plant macrofossils of terrestrial species.  The 14C of 
living D. longifolius in the lake was less than 85% modern.  
Could the CO2 used by the mosses come from sediment 
decomposition that releases older 14C? 
 
 
 
Figure 68.  Drepanocladus longifolius, a species in which 
extant plants have ancient carbon, suggesting use of CO2 from the sediments.  Photo by John Game Flickr Creative Commons. 
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Burr (1941) concluded that Fontinalis (Figure 2, 
Figure 4, Figure 23) is more productive in bicarbonate than 
in CO2, but finding any mechanism to explain such a 
relationship has been elusive. Allen and Spence (1981) 
concluded that there was a gradation of bicarbonate users, 
not a "user" vs "non-user," among aquatic plants.  This, in 
fact, makes some sense for this genus. 
Farmer et al. (1986) tested 15 species of freshwater 
macrophytes for activities of RUBISCO and PEP 
carboxylase in photosynthesis.  RUBISCO (enzyme 
present in plant chloroplasts, involved in fixing 
atmospheric CO2 during photosynthesis and in oxygenation 
of resulting compound during photorespiration) was the 
most active in all species, including the moss Fontinalis 
antipyretica (Figure 2) and some liverworts, a usage 
consistent with C3 plants. While we are speculating, we might also consider the 
possibility of organic sources of carbon such as amino 
acids.  We know that aquatic mosses can take up amino 
acids (Alghamdi 2003), but this would again require 
sediments, adhering organisms, or amino acids suspended 
in the water.  And can they serve as a carbon source for 
photosynthesis in addition to their role as a nitrogen 
source?  Are there other organic acids that can serve as 
photosynthetic carbon sources? 
We have tended to underestimate the evolutionary 
changes in bryophytes (Glime 2011).  While tracheophytes 
were developing all sorts of structural diversification, 
bryophytes were limited by their lack of lignin and 
consequent small size.  Lacking these options would put 
more selection pressure on biochemical innovations.  This 
is evidenced by the wide range of biochemical defenses 
against herbivory.  The bryophytes have had even longer 
than tracheophytes to diversify.  Why should we expect 
them to have evolved fewer adaptations?  Rather, with 
selection pressures acting on a generation with only one set 
of chromosomes, we should expect more beneficial change 
to persist while unbeneficial ones can more easily be 
eliminated.  We should pay more attention to their 
biochemical-physiological adaptations. 
pH 
Early studies on aquatic bryophytes indicated that 
many had a restricted pH range (Iversen 1929).  Negoro 
(1938) reported on bryophyte associations in minerotrophic 
acidic waters in Japan.  The pH can be an important 
limiting factor for bryophyte colonization (Apinis & Lacis 
1936), especially in water.  It affects the solubility of CO2 in the water.  It can also affect the solubility and 
availability of other nutrients.  Steemann Nielsen (1952) 
examined several aquatic species, including Fontinalis 
antipyretica (Figure 2) and F. dalecarlica (Figure 42), 
regarding their persistence at extreme pH values. Acidity 
has been sufficiently important that Tremp and Kohler 
(1993), among others, advocated using water mosses as 
indicators of acidification to monitor rivers. 
Tremp et al. (2012) looked at the factors that were 
important in defining bryophyte communities.  Among 
these, pH is an important determinant of the bryophyte 
flora.  This is reflected in the bicarbonate/ionic strength, 
affecting the availability of CO2.  It is manifest in distinctly 
different bryofloras in hard and soft water. 
For example, Westlake (1981) considered the presence 
of Fontinalis (Figure 2, Figure 4, Figure 23) in hard water 
to be an anomaly.  This conclusion was based on the need 
for this moss to obtain its carbon for photosynthesis as free 
CO2, with no indication that it can use bicarbonates. 
Steemann Nielsen (1952) experimented with the 
effects of lowering the pH on the photosynthesis and 
coloration of several species of Fontinalis (Figure 2, 
Figure 4, Figure 23).  After populations of Fontinalis 
dalecarlica (Figure 42) were cultured at pH 3.0-3.1 for 23 
hours, photosynthesis was strongly reduced.  The leaves, 
however, still appeared fresh and green.  At pH 2.1 the 
photosynthetic rate decreased further.  After 80 minutes the 
leaves still appeared normal, but after 21 hours the green 
color was almost totally gone.  Fontinalis antipyretica 
(Figure 2) had even less ability to endure low pH.  In fact, 
this species lost its green color completely after 22 hours at 
pH 3.0.    On the other hand, at pH 3.1 for only 80 minutes, 
F. antipyretica recovered completely when transferred to 
less acid water.  At pH 4.0 there was only a slight decrease 
in photosynthesis after one hour.  At pH 6.5, there was no 
decrease after 20 hours.  Sorensen (1948) reported a field 
pH range of 5.5-8.2 for this species.  It appears that the 
main factor separating suitable pH ranges for these two 
species is the ability to obtain sufficient CO2, but at low pH 
levels F. antipyretica can suffer severe chlorophyll 
damage. 
Much of our understanding of the effects of acid 
waters on bryophyte communities has come from studies 
on acid rain effects.  Elwood and Mulholland (1989) found 
that both biomass and productivity of epilithic algae and 
bryophytes seemed to increase when the stream water pH 
declined to sustained levels below 5.0, whereas at the same 
time the fish and macroinvertebrates declined.  The benefits 
of this lower pH might be in the greater availability of free 
CO2 at those levels. 
Turner et al. (2001) used phosphatase activities as a 
measure of pH effects.  Enzymes such as these have 
optimal ranges for temperature and pH and can cease 
activity when very far out of that range.  They found that in 
the aquatic mosses, phosphomonoesterase (PMEase) 
activity was at its optimum activity at pH 5.0.  For 
phosphodiesterase (PDEase) the optimum was at pH 5.7.  
Staining suggested that the PMEase activity occurred in the 
cell wall of most of the moss species.  Not all species 
exhibited PDEase activities. 
Tessler et al. (2013) also identified Ca and Mg as 
important factors in determining bryophyte distribution.  
These two minerals are indicators of streams with a higher 
than neutral pH.  They also found that bryophyte tissue 
concentrations of phosphorus were significantly correlated 
with pH.  This was particularly pronounced for Fontinalis 
cf. dalecarlica (Figure 42) at low pH, with PMEase activity 
in the range of 4-7 being mostly indifferent to the pH level.  
The PMEase activity of Scapania undulata (Figure 7) 
likewise varied inversely with pH level, peaking at 
intermediate pH, but the activity also varied with the source 
of the water in the same pH range.  Hygrohypnum 
ochraceum (Figure 59) seemed indifferent to the source of 
2-7-24 Chapter 2-7:  Streams:  Physiological Adaptations – Nutrients, Photosynthesis, and Others 
the water, having maximum PMEase activity at a pH of 5.  
Some species [Andreaea rothii (Figure 69), Marsupella 
emarginata (Figure 70)] had relatively narrow pH optima 
in a low pH range, typically with peak PMEase activity at 
the lowest pH conditions tested, while others had narrow 
ranges at neutral levels [e.g. Hygrohypnum ochraceum, 
Racomitrium aciculare (Figure 71)].  Species such as 
Hygrohypnum eugyrium (Figure 72-Figure 73) had a 
broad pH tolerance range. 
 
 
Figure 69.  Andreaea rothii, a rock-dwelling species with a 
narrow low pH range.  Photo by  Michael Lüth, with permission. 
 
Figure 70.  Marsupella emarginata, a species with a narrow 
low pH range.  Photo by Štĕpán Koval, with permission. 
 
Figure 71.  Racomitrium aciculare, a species with a narrow 
pH range around neutral.  Photo by Michael Lüth, with 
permission. 
 
Figure 72.  Hygrohypnum eugyrium habitat.  Photo by 
Hermann Schachner, through Creative Commons. 
 
 
Figure 73.  Hygrohypnum eugyrium, a species with a broad 
pH range.  Photo by Hermann Schachner, through Creative 
Commons. 
Some bryophytes seem to be more typical in acidic 
streams.  This is true for Scapania undulata (Figure 7) and 
Nardia compressa (Figure 53) in Wales (pH 5.2-5.8) 
(Ormerod et al. 1987).  Fontinalis (Figure 2, Figure 4, 
Figure 23), on the other hand, is more typical of streams 
with a pH of 5.6-6.2.  But ability to tolerate a particular pH 
seems to differ geographically.  In the streams of 
northeastern USA, Fontinalis species are common in 
acidic streams (pH 4.0-4.5).  But in Wales, Fontinalis 
squamosa (Figure 30) is common, whereas that species 
does not occur in the northeastern USA.  Furthermore, it is 
likely that physiological races are separated geographically 
and behave differently. 
In the travertine streams of the French Alps and 
Britain, 26 mosses and 8 liverworts were documented in a 
pH range of 6.9-8.3 (Pentecost & Zhang 2002).  The most 
common species were Eucladium verticillatum (Figure 74) 
and Palustriella commutata (Figure 75). 
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Figure 74.  Eucladium verticillatum, a common species on 
travertine rock with a pH range of 6.9-8.3.  Photo by Michael 
Lüth, with permission. 
 
 
Figure 75.  Palustriella commutata, a species that is able to 
grow in alkaline water.  Photo by Michael Lüth, with permission. 
Scorpidium scorpioides (Figure 58), S. cossonii 
(Figure 76), and S. revolvens (Figure 77) often occur in 
locations of high conservation value in Wales (Graham et 
al. 2019).  These species are typical of springs and 
seepages and seem to form two distinct groups.  
Scorpidium cossonii characterizes one and S. revolvens the 
other, based on pH and electric conductivity.  Habitats in 
Wales have a higher pH than those in Scandinavia. 
But productivity is not the only factor affected by pH.  
Hargreaves et al. (1975) found that moss protonemata were 
more abundant than mature gametophytes in highly acidic 
streams with a pH value of 3.0 or less. 
The pH also affects the solubility and uptake of heavy 
metals.  Henricksen et al. (1988) concluded that it was a 
liverwort that served as a buffer and as a reservoir of 
aluminum.  Massive amounts of aluminum were released at 
pH < 5.  Both mosses and liverworts in the stream carry out 
ion exchange of base cations and aluminum during acid 
episodes.  These ion exchange sites release base cations 
during acid episodes, neutralizing the additional H+ in the 
water.  Aluminum was a major contributor to this 
buffering. 
 
Figure 76.  Scorpidium cossonii, a species characteristic of 
springs and seepages.  Photo by Hermann Schachner, through 
Creative Commons. 
 
 
Figure 77.  Scorpidium revolvens, a species characteristic of 
springs and seepages.  Photo by Hermann Schachner, through 
Creative Commons. 
When Davies (2007) exposed shoot tips of Fontinalis 
antipyretica (Figure 2) to sulfate concentrations for 21 days 
at various levels of water hardness, the mosses did not 
respond well.  They experienced significant reductions in 
shoot length, dry weight, and chlorophyll a and b 
concentrations in soft water.  As the hardness as CaCO3 increased, the negative effects of sulfate toxicity decreased.   
Boundary-layer Resistance 
Boundary resistance can prevent CO2 from crossing into the bryophyte leaf.  Jenkins and Proctor (1985) used 
wind tunnel evaporation measurements to assess the 
boundary-layer resistance to the photosynthetic uptake of 
CO2 in aquatic bryophytes.  They found resistances of the 
leafy liverworts Nardia compressa (Figure 53) 
and Scapania undulata (Figure 7) to range 35 to 5 s mm-1 
(siemens = unit used to measure electrical conductance)  
and 70 to 9 s mm-1, respectively, at water velocities of 
0.02-0.2 m s-1.  For the streamers of Fontinalis 
antipyretica (Figure 2), resistance is about 180 - 15 s mm-1 
over the range of water velocity of 0.01 to 0.2 m s-1.  They 
estimated that boundary layer resistance limits 
photosynthesis at stream velocities below about 0.01 m 
s−l in Fontinalis and below about 0.1 m s−1 in the 
mat‐forming species.  They considered the mat growth 
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form of the liverworts to minimize the boundary-layer 
resistance at high velocities while minimizing drag.  On the 
other hand, the streamers of Fontinalis permit it to 
maximize surface area under limiting levels of boundary-
layer resistance. 
While Fontinalis (Figure 2, Figure 4, Figure 23) 
continued to confound the issue of obtaining CO2 in 
alkaline water, another Fissidens, F. grandifrons (Figure 
67), emerged as doing something different.  This species is 
known to do well in streams with high pH (e.g. Glime & 
Vitt 1987).  Peñuelas (1985) again investigated the ability 
of these two species to use bicarbonates and CO2 as carbon 
sources for photosynthesis.  He found that in NaHCO3 solutions, Fontinalis was able to increase the pH to a 
maximum of 9.6, corresponding to a CO2 compensation 
point of 1.1 mmol m-3 CO2.  This increase in pH is too great to be explained by CO2 uptake alone.  In fact, 
although the net photosynthesis decreased at high levels of 
pH, it did not reach zero until the pH reached 10.10 for 
Fissidens grandifrons and 11.8-12.0 in Fontinalis 
antipyretica (Figure 2)!  Photosynthesis was even increased 
at greater bicarbonate concentrations when CO2 was held constant.  This led Peñuelas to conclude that these two 
bryophytes could use bicarbonate.  The question still 
remained – how? 
Yet, in 1989, Prins and Elzenga (1989) still stated that 
bryophytes could not use bicarbonates.  They suggested 
three ways by which some aquatic plants might be able to 
use bicarbonates:  
1. carbonic acid symport 
2. external acidification of bicarbonate into CO2 3. increase in rate of conversion of bicarbonate into CO2 
by carbonic anhydrase.  
We know that bryophyte leaves (not just Sphagnum – 
Figure 54) conduct cation exchange (Glime et al. 1982), so 
this mechanism could be used to accomplish #2.  Still, in 
1991, Raven considered any CO2-concentrating mechanism in bryophytes to be absent or poorly developed.  In 1994, 
based on an extensive literature survey, Raven et al. further 
stated that in streamer mosses such as Fontinalis 
antipyretica (Figure 2), the entry of CO2 is limited only by rates of CO2 diffusion into the moss; they still 
acknowledged no use of bicarbonate by this moss.  So why 
couldn't they use all three methods simultaneously? 
Diving Bell 
One novel idea is that mosses may use their 
photosynthetic air bubbles (Figure 1) like a diving bell.  It 
is typical to find photosynthesizing aquatic mosses and 
liverworts covered in tiny air bubbles, a phenomenon 
known as pearling.  If they are able to work like a diving 
bell, the bubble with a high concentration of photosynthetic 
O2 would trade its O2 for CO2 that is dissolved in the water, thus creating a gaseous environment containing CO2 at the 
leaf surface.  Such mechanisms are used, in reverse, to keep 
diving insects and spiders alive under water, sometimes as 
long as an hour.  But the insects carry their "bells" of 
oxygen-rich air under water, then breathe in O2 and expel CO2.  As the O2 concentration diminishes, more diffuses 
into the diving bell from the water, and the CO2 from their 
respiration diffuses from the diving bell into the water.  The 
same mechanism should work for bryophytes, but this 
mechanism assumes that there is free gaseous CO2 in the 
water column, not bicarbonate or carbonate.  Thus, if it 
works at all, it presumably works only at lower pH levels 
where free CO2 exists ... or perhaps at higher pH levels 
where microbial contributions are available on the surface 
of the bryophyte.  Could microbial respiration at night by 
periphyton be contained in a diving bell, later to be 
exchanged for O2 in the daytime? 
Ecotypes 
I have already noted the possibility of ecotype 
differences.  For example, Hygroamblystegium fluviatile 
(Figure 12) and Fontinalis antipyretica (Figure 2) had 
similar trophic responses to eutrophication in two 
calcareous lowland streams, and both reached their 
maximum occurrences in oligotrophic water 
(Vanderpoorten & Durwael 1999).  On the other hand, 
Hygroamblystegium tenax (Figure 11), H. fluviatile, 
Fissidens crassipes (Figure 28), and Fontinalis 
antipyretica had distinctly different response curves in 
different hydrographic networks, suggesting the presence 
of physiological races or ecotypes in these species.  Such 
differences could account for the widespread and varied 
habitats of some species. 
Seasons and Phenology 
Most stream bryophytes occur as perennials and can 
be found during all seasons of the year (Vieira et al. 2014).  
They may disappear or diminish during ice breakup or 
heavy runoff and spates, but otherwise, they must respond 
to changes in their environment through changes in their 
physiological behavior.  Vieira and coworkers proposed 
that since bryophytes are able to withstand natural seasonal 
desiccation and have perennial life-strategies permitting 
them to be assessed any time of year, they can be suitable 
tools for the characterization of reference conditions. 
The environment can signal that it is time to change 
physiological activity through a number of mechanisms.  
We have discussed many aspects of nutrients and their 
variable availability throughout the year.  Temperature, 
light intensity, and photoperiod also offer potential signals 
to changes in physiological activity. 
Glime and coworkers (Glime 1982; Glime & 
Raeymaekers 1987) have measured differences in number 
of reproductive structures, growth rates, and rhizoid 
productions of Fontinalis (Figure 2, Figure 4, Figure 23) 
species in various seasons and modelled these changes 
based on light and temperature.  They found that 
temperatures ranging from 5 to 15ºC favored branching, 
but that the optimum temperature differed among species.  
Branching is greatly reduced in pool conditions compared 
to that in flowing water.  More rhizoids were produced at 
temperatures above 10ºC, coinciding with periods when 
water levels were lowest, permitting more opportunity for 
attachment without fighting heavy flow.  Rhizoid 
production can co-occur with branch production.  These 
life strategies will be further discussed in the next 
subchapter. 
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Steinman and Boston (1993) followed the 
photosynthetic rates and phosphorus uptake of aquatic 
bryophytes in a woodland stream in Tennessee, USA, for 
13 months.  The most abundant bryophyte was the leafy 
liverwort Porella pinnata (Figure 20-Figure 21), with 
Brachythecium cf. campestre (Figure 78) and 
Amblystegium (Hygroamblystegium?; Figure 11-Figure 
12) following in abundance.  The bryophyte abundance 
peaked in late summer, but was reduced by a severe winter 
storm.  Porella pinnata exhibited significantly greater area-
specific photosynthetic rates than did the other bryophyte 
species and exceeded the periphyton in P uptake.  However 
the periphyton significantly exceeded the other autotrophs 
in biomass-specific photosynthesis and P uptake rates. 
 
 
Figure 78.  Brachythecium campestre, a common bryophyte 
in a woodland stream in Tennessee, USA.  Photo by Jerry Jenkins, 
Northern Forest Atlas, with permission. 
Kelly and Whitton (1987) measured shoot growth of 
Platyhypnidium riparioides (Figure 6) in the Northern 
Pennines, England.  Growth occurred in every month, with 
the maximum in spring and minimum in winter.  Autumn 
experienced a second, smaller peak.   
Everitt and Burkholder (1991) observed the seasonal 
dynamics of the macrophyte communities for a stream 
flowing over granite in North Carolina, USA.  Bryophytes 
were not dominant, but Fontinalis sp (Figure 2, Figure 4, 
Figure 23) occurred.  In the shaded sites, Fontinalis 
dominated in the warm seasons, but the red alga Lemanea 
australis (see Figure 79) dominated during the cool 
seasons. 
 
 
Figure 79.  Lemanea fluviatilis; L. australis dominates in 
winter and Fontinalis in the summer in a North Carolina, USA 
stream.  Photo by J. C. Schou, with permission. 
Núñez-Olivera et al. (2001) questioned whether 
seasonal variations in nutrient contents of aquatic 
bryophytes were due to internal or external measures.  The 
elements  N, P, Na, and Fe showed the most frequent 
annual cycles.  Typically, the lowest concentrations 
appeared in spring and the highest in autumn.  These 
seasonal cycles depended on the interactions of both 
internal and environmental factors.  Growth in the 
bryophytes [Fontinalis antipyretica (Figure 2), F. 
squamosa (Figure 30), Jungermannia exsertifolia subsp. 
cordifolia (Figure 22), and Apopellia endiviifolia (Figure 
25)] caused a dilution of the element concentrations in the 
bryophyte tissues.  Seasonal changes occurred in the 
environment, causing changes in the element 
concentrations resulting from runoff, decomposition, 
changing flow rates, and litter input.  Unlike those of heavy 
metals, the concentrations of elements in the bryophytes 
did not correlate well with those in the stream water. 
Beaucourt et al. (2001) concluded that growth in 
Fontinalis antipyretica (Figure 2) and F. squamosa 
(Figure 30) was determined by both genetic and 
environmental factors.  They found higher growth in early 
autumn and spring.  We found similar growth patterns in 
Fontinalis hypnoides (Figure 80) and F. duriaei (Figure 
39) (Glime & Acton 1979; Glime 1980, 1982; Fornwall & 
Glime 1982).  Fontinalis antipyretica exhibited a higher 
growth rate than did F. squamosa, a factor that could 
contribute to some differences seen in seasonal nutrient 
uptake (Beaucourt et al. 2001). 
 
 
Figure 80.  Fontinalis hypnoides, a species with its highest 
growth in early autumn and spring.  Photo by Jean Faubert, with 
permission. 
Martínez-Abaigar et al. (2002a) used Fontinalis 
antipyretica (Figure 2) and F. squamosa (Figure 30) to 
track the seasonal variation in N, P, K, Ca, Mg, Fe, and Na 
in a mountain stream in Spain.  The two species had similar 
elemental concentrations.  Fontinalis antipyretica (Figure 
2) had a higher nitrogen concentration, perhaps due to 
greater physiological activity related to its more rapid 
growth.  Concentrations of K, Fe, P, and N increased in 
every plant segment and increased through summer and 
autumn, then decreased through winter and spring.  The 
concentrations in the plants seemed to depend on the 
growth cycle, having only scattered correlations with water 
conditions. 
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We might expect ice to be a problem for aquatic 
bryophytes.  Frahm (2006) observed that aquatic mosses 
can overwinter in ice.  This does not appear to cause any 
physiological problems for high altitude or high latitude 
stream bryophytes, but the problems caused by 
dislodgment of the mosses have been discussed in an 
earlier subchapter. 
Kalacheva et al. (2009) assessed the seasonal changes 
of polyunsaturated acids (PUFA) in Fontinalis antipyretica 
(Figure 2) from the Yenisei River in Siberia.  The relative 
content of acetylenic acids in fatty acids remained high 
throughout the year, but achieved its peak in summer.  
These are highly specific (unique) to the mosses and can 
serve as biochemical markers in trophic interactions.  The 
relative content of PUFA from the omega3 group was 
greatest in spring, whereas the omega6 group varied little 
throughout the year. 
Pejin et al. (2012) examined fatty acids in the mosses 
Atrichum undulatum (Figure 81) and Hypnum andoi 
(Figure 82) in winter.  They identified eight fatty acids 
using the chloroform/methanol extraction, one of which 
was arachidonic (6.21% of total methanol extractions).  
They considered A. undulatum to be a good winter source 
of linoleic acid and alpha-linolenic acid.  Kajikawa et al. 
(2008) reported that the thallose liverwort Marchantia 
polymorpha (Figure 83)  uses linoleic and α-linolenic acid 
to synthesize arachidonic and eicosapentaenoic acids, 
respectively. 
 
 
Figure 81.  Atrichum undulatum, a good winter source of 
linoleic acid and alpha-linolenic acid.  Photo by Michael Lüth, 
with permission. 
Fatty acids seem to vary considerably among 
bryophytes, even when species are closely related.  For 
example, the floating liverwort Riccia fluitans (Figure 9) 
exhibited a new acetylenic acid (Vierengel et al. 1987), but 
other tested members of the family Ricciaceae (floating 
liverwort Ricciocarpos – Figure 57) and other thallose 
liverworts outside the Ricciaceae had no detectable 
acetylenic fatty acids (Kohn et al. 1988).  However all 12 
species of the genus Riccia exhibited acetylenic fatty acids. 
One study has examined the fatty acid composition of 
a number of aquatic bryophytes (Dembitsky & Rezanka 
1995).  The acetylenic fatty acids in triacylglycerols ranged 
from 6.6% in the moss Calliergon cordifolium (Figure 8) 
to 80.2% in the liverwort Riccia fluitans (Figure 9).  It is 
not unusual for bryophytes to produce high amounts of 
very long-chain polyunsaturated fatty acids such as 
arachidonic acid and eicosapentaenoic acid (Lu et al. 
2019).  These are likewise common in marine algae, but are 
rare in tracheophytes.  These fatty acids are typically 
amplified under conditions of biotic or abiotic stress. 
 
 
Figure 82.  Hypnum andoi, a good winter source of linoleic 
acid and alpha-linolenic acid.  Photo by James K. Lindsey, 
through Creative Commons. 
 
Figure 83.  Marchantia polymorpha, a species that uses 
linoleic and α-linolenic acid to synthesize arachidonic and 
eicosapentaenoic acids, respectively.  Photo by Michael Lüth, 
with permission. 
Huneck et al. (1982) assessed the essential oils in the 
aquatic leafy liverwort Scapania undulata (Figure 7).  The 
total essential oils ranged only from a low of 0.92 % dry 
weight in August to a high of 1.39 % in March when 
sampled from this liverwort in a small stream in a 
Thuringian Forest in Germany.  But the relative 
constituents varied more widely, with longipinanol 
reaching its lowest of ~4% of the essential oils in May to a 
high of ~25% in April.  It was always of the lowest 
concentration, whereas longiborneal was always exhibited 
the highest concentration except in August when the third 
oil, longipinene, slightly exceeded it. 
Ellwood et al. (2007) found a summer/autumn increase 
in Km and Vmax of bryophytes that corresponded with the 
seasonal decrease in the phosphate supply in a northern 
England stream.  PMEase and PDEase detection indicated 
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that this phenomenon was widespread among mosses.  The 
influence of the epiphytes appeared to be negligible.  
Instead, it is seasonal responses of the enzyme activity to 
changes in the nutrient supplies and requirements. 
Given the importance of pigment concentrations in 
acclimating to light intensities, it is not surprising that these 
vary with the seasons in aquatic bryophytes (Martínez-
Abaigar et al. (1994).  Using 13 aquatic bryophytes, 
Martínez-Abaigar and coworkers found chlorophyll 
contents ranging 2.2-9.2 mg g-1 dry weight and 97-351 mg 
m-2 shoot area.  Phaeopigment ratios differed little with 
seasons or habitat.  However, as noted earlier, a strong 
decrease occurred in chlorophyll content and chlorophyll 
a/b ratio in summer, apparently due to desiccation.  Those 
bryophytes that were continuously wet had less dramatic 
seasonal cycles, and these correlated with changes in light 
conditions. 
For forested streams, light intensities vary widely 
between summer under the canopy and winter when the 
leaves are gone and the snow and ice are highly reflective.  
The aquatic leafy liverwort Jungermannia exsertifolia 
subsp. cordifolia (Figure 22) from a mountain stream in 
Spain exhibited little difference between years during the 
three years of study (Núñez-Olivera et al. (2009).  However 
seasonal changes were apparent.  New shoots in summer 
and autumn had a high Fv/Fm ratio and accumulated higher 
amounts of several hydroxycinnamic acid derivatives than 
during winter and spring.  No DNA damage was evident at 
any time.  Increase of p-coumaroylmalic acid was most 
responsive to increase in UV-B radiation and was an 
indirect indicator of ozone loss from the stratosphere. 
A similar study on Bryum pseudotriquetrum (Figure 
84) and Fontinalis antipyretica (Figure 2) yielded similar 
results (Núñez-Olivera et al. 2010).  Like the leafy 
liverwort Scapania undulata (Figure 7), neither moss 
species exhibited DNA damage, apparently due to an 
efficient DNA repair mechanism.  Both species exhibited 
responses to UV-B by increased activity of the xanthophyll 
cycle and increase in bulk UV absorbance of methanol-
extractable UV-absorbing compounds, MEUVAC.  
Changes in chlorophyll fluorescence parameters were less 
distinctive.  Bryum pseudotriquetrum exhibited both 
MEUVAC and kaempferol 3.7-O-diglycoside responses to 
radiation levels while Fontinalis antipyretica did not 
exhibit any correlation with any environmental variables.  
Furthermore, B. pseudotriquetrum exhibited 3-4X the 
MEUVAC concentration compared to that of F. 
antipyretica. 
Reproductive Signals 
Reproductive organs are difficult to observe in aquatic 
species and little research relates to their phenology or 
signals for their development.  I (Glime 1984, 2014b) 
cultured Fontinalis dalecarlica (Figure 42)  from a 
population at Highlands, North Carolina, USA for 16 
weeks to determine phenological signals.  Using 4 
photoperiods at 8ºC and 1560 lux in artificial streams, I 
determined that this species behaves as a quantitative short-
day (long night) plant.  Archegonia were first produced in 
the regime of 6 hours of light, 18 hours of darkness, but in 
the longer photoperiods (shorter dark periods), an equal 
number of archegonia were present at the end of the 16 
weeks.  Longer photoperiods favored growth, branching, 
and rhizoid production.  But at the longest photoperiod (18 
hours light, 6 hours dark), both growth and branching were 
reduced.   
 
 
Figure 84.  Bryum pseudotriquetrum, a species that 
exhibited both MEUVAC and kaempferol 3.7-O-diglycoside 
responses to radiation levels.  Photo by Michael Lüth, with 
permission. 
One surprise I found was that aerated mosses were 
able to produce more archegonia than did the submersed 
mosses (Glime 1984, 2014b).  But this in fact could be 
adaptive for stream mosses.  In this stream, male 
populations usually occupied different rocks from the 
females.  Swimming from one rock to another would seem 
to be an improbable occurrence for the tiny male sperm in 
flowing water.  Furthermore, could they really put on the 
brakes and stop at an appropriate female colony?  By living 
above the water, sperm could be splashed by the turbulent 
water of the riffles and land on a clump of female mosses 
above the moving water, thus permitting the sperm to swim 
to the nearest female.  Thus, having aerial archegonia 
seems to be adaptive for fertilization success. 
See Chapter 2-5 of this volume for a discussion of life 
strategies in stream bryophytes. 
Periphyton 
Fisher and Likens  (1972) noted that the measurement 
of photosynthesis of the moss component in Bear Brook, 
New Hampshire, USA, included the productivity of the 
attached periphyton.  This is a problem in measuring 
productivity of aquatic mosses anywhere.   My personal 
experience indicates that the bryophytes are typically 
covered with periphyton (Glime & Acton 1979), and 
attempts to remove them often damage the bryophytes or 
are ineffective.  Furthermore, even if the periphyton are 
removed, we have modified the system.  CO2 from respiring bacteria could compensate for CO2 limitations in 
the water.  Competition for light and nutrients could reduce 
productivity, as well as competition for CO2. We have already noted that epiphytic algae tend to 
increase on bryophytes at warmer temperatures.  These 
likewise can block light and compete for CO2, thus reducing the bryophyte productivity.  Among these we 
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typically find members of the blue-green bacteria 
(Cyanobacteria).  Some of the macrophytes have a high 
uptake of the toxins from the Cyanobacterium Microcystis 
(Figure 85) (Pflugmacher 1653).  In a study of four 
macrophytes, the grass Phragmites communis (Figure 86) 
had the greatest uptake.  The moss Vesicularia dubyana 
(Figure 87) had a much lower uptake.  Furthermore, when 
this species was followed in the succeeding hours, it 
initially experienced an oxygen decrease, thus a 
productivity loss.  However, after half a day it had 
recovered and after nine days the oxygen production and 
consumption had returned to normal levels. 
 
 
 
Figure 85.  Microcystis, a blue-green bacterium that 
produces toxins that can affect aquatic plants.  Photo by Yuuki 
Tsukii, with permission. 
 
 
Figure 86.  Phragmites communis, a species with high 
uptake of CO2, especially compared with the aquatic moss 
Vesicularia dubyana.  Photo by Lazaregagnidze, through 
Creative Commons. 
Herbivory and Pathogens 
Lodge (1991) noted that researchers had put forward 
the hypothesis that macrophytes offer poor food quality due 
to low protein content.  Nevertheless, macrophytes, 
including the aquatic bryophytes, are grazed.  Lodge points 
out that often the grazers destroy more tissues than they eat.  
In any case, bryophytes are often the victims of 
consumption. 
 
Figure 87.  Vesicularia dubyana, a moss with a low uptake 
of Microcystis toxins.  Photo by Tan Sze Wei, AquamossNet. 
Some researchers have assumed that bryophytes were 
not eaten because of low nutritional quality.  However, this 
is not necessarily true (Liao & Glime 1996).  Fontinalis 
antipyretica (Figure 2) produces the most total phenolics in 
the summer in the Keweenaw Peninsula of Michigan, USA, 
when herbivores are the most abundant.  The phenolics are 
the lowest in spring when the growth of the moss is most 
rapid.  Consumption rate on this species was lowest when 
the phenolic content was at its highest levels.  The phenolic 
contents were also higher in sunny and intermediate 
habitats than in shady ones.  This may be a defensive 
(stress) response in the higher light intensity where there is 
more UV radiation and potentially higher temperatures. 
Acetylenic acids, noted above, are known for their 
antifungal properties against human pathogens (Xu et al. 
2012), so it is likely that they are also effective against 
potential bryophyte pathogens. 
Some mosses seem to be able to protect other mosses 
from herbivory.  Fissidens fontanus (Figure 88) in 
northern Europe seems to be able to survive only when it is 
mixed with Fontinalis (Figure 2, Figure 4, Figure 23) 
(Lohammar 1954).  Snails are common in the environment, 
but snails seem to avoid Fontinalis, as demonstrated in 
aquaria, thus protecting the more edible Fissidens 
fontanus. 
 
 
Figure 88.  Fissidens fontanus, a species that benefits from 
growing with Fontinalis as an antiherbivore agent.  Photo by 
Walter Lampa, through Creative Commons. 
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In the early stages of biochemical research, Marsili and 
Morelli (1968) noted the presence of triterpenes in the moss 
Thamnobryum alopecurum (Figure 89), a streambank 
moss.  Such compounds are typically used as chemical 
defenses.  For example, Toyota et al. (1999) isolated an 
eudesmane-type sesquiterpenoid from the aquatic leafy 
liverwort Chiloscyphus polyanthos (Figure 90). 
 
 
Figure 89.  Thamnobryum alopecurum, a streambank moss 
with triterpenes.  Photo by Hermann Schachner, through Creative 
Commons. 
 
Figure 90.  Chiloscyphus polyanthos, a leafy liverwort with 
a eudesmane-type sesquiterpenoid.  Photo by Hermann 
Schachner, through Creative Commons. 
Parker et al. (2007) noted that stream mosses could 
provide refuges for stream macroinvertebrates.  In their 
study, the large consumers Branta canadensis (Canada 
geese; Figure 91) and Procambarus spiculifer (crayfish; 
Figure 92) selectively consumed Podostemum 
ceratophyllum (riverweed; Figure 93) while ignoring the 
accompanying Fontinalis novae-angliae (Figure 93), 
despite the greater abundance (89% of biomass) of the 
moss.  On the other hand, the number of 
macroinvertebrates on the mosses was twice that of the 
riverweed.  In experiments, the researchers found that C18 
acetylenic acid, octadeca-9,12-dien-6-ynoic acid, from the 
moss deterred the feeding by the crayfish.  On the other 
hand, in lab feeding assays the amphipod Crangonyx 
gracilis (Figure 94) and isopod Asellus aqus (Figure 95) 
consumed significant amounts of the moss while rejecting 
the riverweed.  These invertebrates were likewise not 
deterred by the extracted C18 acetylenic acid. 
 
Figure 91.  Branta canadensis, a large consumer that avoids 
Fontinalis, thus protecting the invertebrates living there.  Photo 
by Lystopad, through Creative Commons. 
 
 
Figure 92.  Procambarus spiculifer, a species that avoids 
eating Fontinalis.  Photo by Supertiger, through Creative 
Commons. 
 
 
Figure 93.  Podostemum ceratophyllum (left) and 
Fontinalis novae-angliae (right), the latter protecting 
invertebrates from grazing by geese.  Photo by John Parker, with 
permission. 
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Figure 94.  Crangonyx sp.. an amphipod that feeds on 
Fontinalis.  Photo from CBG Photography Group, Centre for 
Biodiversity, through Creative Commons. 
 
 
Figure 95.  Asellus aquaticus, isopods that feed on 
Fontinalis.  Photo by M. J., through Creative Commons. 
Living in water makes the bryophytes an excellent 
habitat for many microbes.  By trapping sediments and 
providing substrate for periphyton, they become an 
outstanding dinner table for these microbes.  But plants can 
be subject to attack from microbes, so it is predictable that 
a well-adapted plant in this environment will have 
mechanisms to prevent it from being attacked by them.  
Little has been done, beyond the antibacterial activity of 
Sphagnum (Figure 54), to determine this capability in 
aquatic bryophytes.  However, research on the terrestrial 
Physcomitrella patens (Figure 96) has revealed several 
such defense mechanisms (Ponce de León & Montesano 
2017).  In fact, evidence indicates that these same 
mechanisms are conserved in flowering plants.  These 
researchers found cell wall defenses that become activated 
through a MAP kinase cascade.  Once pathogens begin 
their attack, the moss activates production of ROX and 
induces an HR-like reaction while increasing the levels of 
some hormones.  It is likely that aquatic bryophytes have 
similar, but probably partially unique, mechanisms. 
 
Figure 96.  Physcomitrella patens with springtails; P. patens 
has chemical defenses against microbes.  Photo by Bob Klips, 
with permission. 
There is a much greater discussion of various 
interactions of stream bryophytes and invertebrates, 
including insects, in Volume 2, Bryological Interaction. 
 
  
Summary 
Although bryophytes require lower nutrient levels 
than do most tracheophytes, they can still experience 
limiting conditions.  Their ability to accumulate ions 
makes them suitable bioindicators.  Nutrient levels tend 
to be lowest in spring and highest in autumn.  Nitrogen 
and phosphorus impose the most likely limitations and 
are typically low in stream habitats.  At least some 
species can use ammonium as an N source, especially at 
higher pH levels.  This seems to be influenced not only 
by the environment, but also by genetic variation within 
the species.  And even within an individual, the ability 
to use nitrate vs ammonium can switch dependent on 
availability.  Mosses exhibit little amplification of 
stored nitrate relative to the water compared to that of 
some tracheophytes.  Evidence suggests that the P:N 
ratio might increase with P enrichment.  Tissue 
concentration of P increases with time in enriched 
water, but K seems to be subject to leakage and its 
levels fluctuate in the tissues. 
Potassium occurs dissolved in the cells.  Calcium is 
bound to exchange sites in the cell wall.  Magnesium is 
present in both locations.  Thus potassium and 
magnesium are lost when the cells become desiccated 
and the membranes damaged.  The soluble elements N, 
P, and K occur in the highest concentrations and are 
most mobile, having their highest concentrations in the 
apical portions.  The least mobile elements (Ca, Mg, 
Fe) are highest in the basal portions.  Species might be 
able to acclimate to changing water chemistry 
conditions by altering the uptake efficiency. 
Heavy metals can cause damage to chlorophyll, 
loss of cellular organization, disruption of the nucleus, 
and plasmolysis.  At even higher concentrations, 
deplasmolysis can occur.  Locations of cytoplasmic vs 
cell wall can differ by species of bryophyte.  Heavy 
metals can cause membrane damage and loss of K.  
Competition by H+ on external exchange sites seems to 
be responsible for lower metal uptake in acidic water. 
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Many early photosynthetic studies were done on 
aquatic bryophytes, especially Fontinalis.  These 
included temperature effects on both assimilation and 
respiration, limiting factors in carbonic acid 
assimilation, influence of pH, effects of various 
wavelengths on photosynthesis, discovery of 
photorespiration, and use of IRGA to measure CO2 
metabolism. 
Bryophytes are typically shade plants, having low 
chlorophyll a/b ratios.  In the water they are usually 
limited by light, carbon, and nutrients.  But their 
photosynthesis and growth are also affected by pH, 
boundary layer resistance, loss of red light in deeper 
water, sedimentation, periphyton, detritus, hydration 
state, water level fluctuations that cause desiccation, 
and temperature.  Their growth temperature optima are 
generally 10-20ºC. 
Although aquatic bryophytes are able to live in 
alkaline waters where free CO2 concentrations are very low, and they seem to have alternative CO2 pathways, we still don't understand how these work.  Lack of 
internal air spaces prevents the re-use of respired CO2. Aquatic species are often characterized by low 
apparent quantum yields, low compensation points, and 
low saturation points.  They can suffer from 
photoinhibition at relatively low light levels.  The slope 
of photosynthesis vs CO2 concentration increases 
linearly with temperature and may account for 
photoinhibition at low light levels.  For forest species, 
light levels before freeze-over are higher in winter. 
In the cold of winter, aquatic bryophyte 
photosynthesis seems to be unaffected by internal 
concentration of nutrients or pigment concentration.  
On the other hand, winter seems to be the period of 
greatest vitality for those in the water.  Photosynthetic 
plasticity permits the bryophytes to photosynthesize and 
grow at these low temperatures. 
CO2 has a low diffusion rate in water, favoring low light requirements and variable CO2 compensation points.  At high pH levels, free CO2 quickly converts to 
other carbon-containing compounds, severely limiting 
bryophyte photosynthesis.  A number of aquatic 
tracheophytes are able to use bicarbonates in these 
conditions, but any direct evidence for this pathway in 
bryophytes has been elusive.  One possibility is 
grabbing CO2 emitted from sediments or bacterial 
respiration before it gets converted.  CO2 from such sources remains longer in cold water.  Some periphyton 
can provide CO2, but they also block light. 
Typically, boundary layer resistance limits 
photosynthesis at stream velocities below about 0.01 m 
s−l in Fontinalis (streamers) and below about 0.1 m 
s−1 in the mat‐forming species.  CO2 could be held in a diving bell, exchanged for photosynthetic O2, but the CO2 must come from somewhere, possibly microbial 
respiration. 
Aquatic bryophytes can be active year-round, 
making them superior organisms for biomonitoring 
compared to most aquatic tracheophytes.  Nevertheless, 
rhizoid production, branch growth, and biomass gain 
can occur under different conditions.  Higher growth in 
spring seems to benefit from greater nutrient levels, 
more light, plenty of water, and cool temperatures.  On 
the other hand, nutrient concentrations in the plants 
seem to correlate with the growth cycle, not the water 
conditions.  Fatty acid types and concentrations vary 
with season, as do pigment concentrations.  Day length 
can signal the onset of sexual organ development.  
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